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Abstract

The mechanical function of the heart is governed by the contractile properties of the cells, the mechanical stiffness
of the muscle and connective tissue, and pressure and volume loading conditions on the organ. Although ventricular
pressures and volumes are available for assessing the global pumping performance of the heart, the distribution of stress
and strain that characterize regional ventricular function and change in cell biology must be known. The mechanics of
the equatorial region of the left, ventricle was modeled by a thick-walled cylinder. The tangential (circumferential)
stress, radial stress and longitudinal stress in the wall of the heart have been calculated. There are also significant
torsional shear in the wall during both systole and diastole. In addition there should exist shear stress in the wall of the

heart due to action of pressure on the curved surface.
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1. Introduction

The heart is a powerful muscle that pumps
blood throughout the body by means of
coordinated contraction. This powerful muscle is
slightly larger than a clenched fist. The primary
function of the heart is fundamentally mechanical
to pump oxygen-rich blood through all parts of the
body. A human heart beats at an average of
100,000 times per day. During that time, it pumps
more than 17000 liter of blood throughout the
entire body, compensating for acute changes in
demand for blood flow and adapting to sustained
changes in the applied loads.

The mammalian heart consists of four
pumping champers, the right and left atria and
right and left ventricles [1, 2].

2. The walls of the heart

The ventricular walls are the most important
structures with regard to the pumping action of the
heart. Generally the wall of the heart consists of
three distinct layers.

a) An inner layer called the endocardium. This
layer lines the inside of each cardiac chamber.

It is a thin serous membrane.

b) A middle layer called myocardium. It is the
functional tissue that endows the heart with its
ability to pump, blood. The myocardium
consists primarily of myocytes that are
arranged into local parallel muscle fibers,
which in turn are embedded in an extra cellular
matrix consisting largely of types | and IlI
collagen. The orientation of the muscle fibers
change with position in the wall.

c) The outer most layer or epicardium is also a
thin serous layer consisting largely of a two
dimensional plexus of collagen and some
elastic fibers [3].

The pericardium is a sac-like membranous

structure that surrounds the heart. It holds the

heart in a fixed geometric position and isolates the
heart from other structures in the thorax, to

prevent adhesions and the spread of infection [4,

5].

3. Geometry
The basics of the model of the left ventricular

mechanics have been described in details in
references [6, 7]. Briefly, the left ventricle is



A. M. Bayoumi

Al-Khwarizmi Engineering Journal, Vol. 5, No. 2, PP 66 -71 (2009)

represented by a thick-walled three dimensional
pressure vessel whose thickness and curvature
vary regionally and temporally. In the normal
heart, the ventricular walls are thick at the equator
and the base of the left ventricle and thin at the
left ventricle apex and right ventricular free wall.
Nonetheless, the ratio of wall thickness to radius
is always that the heart can only be treated
accurately by the most sophisticated theories for
thick-walled cylinder [3, 8, 9]. Because of
similarity of geometry the equatorial region of the
ventricle is simulated most accurately.

4. Stress in left ventricular wall

The left ventricular can probably be described
as a prolated spheroid, noting that the equatorial
region can be well approximated as a thick walled
cylinder [3]. Moreover, a cylindrical geometry
admits reasonable simple descriptions of rather
complex motion radial inflation, axial extension,

torsion and transmular shear; all of which have
been measured in the beating and arrested heart
[3].

Figure (1), designates the inside radius of the
annul by (a) and the outside radius (b), the internal
pressure by (p;) and the external pressure by (p).
Then it can be shown that tangential (o¢) and
radial (o) stresses exist and whose magnitude is
[21]:

_ pia'2 - pob2

a’b*(p, - p,
= (p p)...(l)

(bz _ az)rz

pia’ - p,b* a’b*(p; - p,
O = b2 _a2 (2(—a2)r2) -(2)

In the above equations, positive stresses
indicate tension and negative stresses indicate
compressive stresses.

Fig. 1. A Cylinder Subjected To Internal And External Pressure (21).
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In normal heart, Po is small and can be
neglected [3], so that:

p; a? 2

%=z \ 1Tz -3
D; az bz

o= (l_r_?) e

The distribution of stresses across the wall
thickness is non-uniformly as shown in fig (2).

{a) Tangential stress
distribution

The tangential stress o is tensile while the radial
stress is compressive diminishing from p; at the
inside surface to zero at the outside surface.

From the distribution diagrams, the maximum
stresses occur at the inner surface where r=a and
their magnitudes are [21]:

b? + a*
0 = Di bg . ag ...(5)
g, = —p, ..(6)

(&) Radial stress
distribution

Fig. .2. Distribution of Stresses in a Thick-Walled Cylinder Subjected to Internal Pressure Only [21].

Since the internal pressure is taken by the
heart, longitudinal stresses will exist of the
magnitude will exist [21],

2
DiT; -
2 2 ...7
L

G-J::

The above mentioned relations are classic
relations that are derived in introductory
mechanics of material courses. The results are
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good for cylinder subjected to a uniform inflated

pressure Pi. Not restricted to particular class of
material, they are examples of universal results
which are particularly important in biomechanics

13].

There are also significant shear stresses in the
wall during both systole and diastole (fig 3). Plane
(torsional) shears are negative during diastole, and
are consistent with a small left-handed torsion of
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the left ventricle during filling, and positive as the
twist of the wventricles reverses during
ejection[10]. The distribution of this stress along
any radius varies linearly with the radial distance
from the axis of the heart. In addition because
myocardial fibers are wrapped toroidally around

the central layers of the wall in the real left
ventricle, [11, 12, 13], shear stress should also
exist in the wall of the heart throughout the
cardiac cycle, due to the action of a pressure on
the curved surface.

Fig. 3. Free Body Diagram of the Left Ventricle, Showing of the Longitudinal Stress and the

Torsional Moment (T is the shear stress, M is the torsional moment).

5. Discussion of the results

1. The elastic circular hydraulic system of the
heart causes simple harmonic motion
repeated about 75 times per minute. Due to
this motion stress is induced in the wall of the
heart with its maximum at the inside surface
of the wall. Since the stresses vary in
magnitude and direction, in each cycle, the
inside surface of the heart will be sensitive to
any natural defect in the wall and that may
lead to fracture in the inside surface of the
wall.

2. In calculating the stresses, simplified
assumptions such as homogeneous wall has
been used [3]. Finding by Novak etal [14],
Kang etal [15] and Hunten etal [16] suggest
that the myocardium is not homogeneous,
and that the endocardium and epicardium
also exhibit distinct behavior [17, 18].
Viewed in this manner our results must thus
be considered to reflect homogenized or
mean properties which can be sufficient in
some analyses, but certainly not in all.

3. Minor [19] noted “each heart beat or cardiac
cycle is an intricate sequence of electrical and
mechanical events”.  Although a full
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understanding of cardiac function will thus
require an electromechanical analysis [10, 19,
20]. Here it has been focused on the
mechanical alone (due to limited time).

4. To avoid any assumption that can more or
less affect the result of analytical modeling,
experimental test should be carried out.
Unfortunately no experiment in laboratory is
comprehensive because of the loss of the in
vivo environment which includes hormonal
influences and control by the nervous system
on the function and properties of the cells,
tissues or organ. Again in vivo experiments
or test, intact organs are not without concern.
From the mechanics and biology points of
views the intact organ is typically so
complicated that the interpretation of data
often requires many simplified assumptions,
which in turn may musk salient features of
the behavior of manifestation of many
contributors that are often difficult to
delineate. Therefore, we must consider many
different classes of test with the hope that
together they will reveal most of the feature
of interest [3].
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6. Conclusion

The left ventricle is represented by thick
walled three dimensional pressure vessels. Due to
the complex motions of the ventricle, radial
inflation, axial extension, torsion and transmular
shear. Stresses are induced in the wall of the
ventricles.

1. Tangential and radial stresses exist. The
distribution of these stresses across the wall
thickness is non-uniformly.

2. Since the internal pressure is taken by the
heart longitudinal stress will exist.

3. There are also significant shear stresses in the
wall during both systole and diastole. They
are negative during diastole when filling and
positive as the twist of the ventricles reverses
during ejection.

4. In addition, because myocardial fibers are
rapped toroidally around the central layers of
the wall in the real left ventricle, shear stress
should also exist in the wall of the heart
throughout the cardiac cycle, due to action of
a pressure on the curved surface.

Since all these mentioned stresses vary in
magnitude or and direction in each cycle, the
inside surface of the heart will be sensitive to any
natural defect in the wall and this may leading to
fracture inside the wall.

7. References

[1] Elizabeth M. cherry and flavio H. Fenton
"heart structure function and arrhythmias"
department of biomedical college of
verterinary medicine, Corneu University,
Ithaca NY.

[2] Dr. Robert M. Anderson "the gross
physiology of the cardiovascular system"
Spriger Verlag.

[3] Jay D. Humphery “cardiovascular solid
mechanics, cell, tissues and organs" Springer
Verlag.

[4] Half JP (1970) "the normal pericardium”. Am.
J. cardiol 26: 455-463.

[5] Spodicks DH (1970) medical history of the
pericardium: the hairy hearts of hoary heroes.
Am. J. cardiol 26: 447-454.

[6] Arts T, P.C. Veenstra, and R.S. Reneman.
(1979) A model of mechanics of the left
ventricle. Ann biomed eng 7:299

70

[7] Arts T., and R.S. Reneman. (1989) dynamic
of left ventricular wall and mitral valve
mechanics. J. biomechanics 22:216:291.

[8] Arts T. etal (1994) Adaptation of cardiac
structure by mechanical feedback in the
environment of cell: A model study
biophysical journal volume 66 April 1994
953-961.

[9] Taber L.A. (1991) on nonlinear theory of

muscle shells: application to the beating left

ventricle. ASME J. biomed. Eng.113:63.
Tozeren A. (1983) static analysis of the left
ventricle. ASME J. biomed. Eng. 105:39-
46.
Chadwick R.S. (1982) mechanics of the left
ventricle. Biophys. J. 39:279-288.
Peskin, C.S. (1989) fiber architecture of the
left ventricular wall: an asymptotic analysis.
Pure appl. Math 42:79-113.
Waldman, L.K., Y.C. Fung and J.W. covell.
(1985) transmural myocardial deformation
in the canine left ventricle. Normal in vivo
three-dimension finite strain circ. Aes. 57:
152-163.
Novak vp., Fcp Yin, J.D. Humphrey (1994)
Regional mechanical properties of passive
myocardium. J. biomech. 27:403-412.
Kang T., J.D.Humphrey, FCP.Yin(1996).
Comparison of the biaxial mechanical
properties of excised endocardium and
epicardium. Am. J. physiol 270:H2169-
H2176.
Hunter PS,MP Nash, GB Sands (1997a)
computational electromechanics of the
heart. In: computational biology of the heart
John Wiely, London.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17] Smith N.P., P.J. Mulguiney, M.P. Nash
(2002) _haos, solutions and fractal
13:1613-1621.

[18] Kheradvar A., M. Milano, R.C. Gorman
(2006). Cardiovascular eng.: an
international journal, vol. 6 no. 1 31-40.

[19] Minor W.R. (1990). Cardiovascular
physiology Oxford University press,
oxford.

[20] Panfilor A.V. AV. Holden (1997).

Computation biology of the heart. John
Wiley London.

Joseph E. Shiyley (2004). Mechanical
Engineering Design. Mc graw Hill.

[21]



71 - 66 Aada 2 el 5 Aaal) Luudigl) a3 Alaa oy el 48

(2009)
Oleady) ld JA1 clalgay) Julad 73 gal
g slall a e A Faall ac
L& po ¥ saniall SLY ol Sy gindl LY g IS drals /| Sload) ubal] Luia *
i deals /e j 53 dsria LS /| lad) uba] Lutia acd #
dadal)

e Jeall ana g aim g Jal Sl gl 5 o laall RSl 3230l (LAY Fpalisl) Cilal Al 5 e clill LISl A5l
aa s A (strain, stress ) sl seadl )58 oS8 elall KU adall o) andil 3 8 gie Cplad) aaa g ek Ol (g0 a8 Il suian)
oond ) g AlAl Ay (8 il 5 L g ge Gl Ad

s oladl dgall ) aaal) agall Gl a4 @l oda e 5 ) jaad) ASand) 43 sl Jiad cplaill 2060 dakaial) 48500 ()
& Shear stress _=d 2 252 5 4dlal jlasll & Torsion stress (o e S sl bl g palss JMA Qi) jlas & Jshll
ol 8 o gial) eyl e Taaall Jead 1 laa

71



