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Abstract: Bovine aortic tube was cut parallel to the axis of the vessel and spread up to a flat 
sheet. A rectangular specimen cut from the flattened aorta was clamped on its right and left 
edges to vertically fixed posts. The specimen was further clamped on its central region to a 
movable clamp parallel to the other clamped edges. This vertical middle clamp was then 
attached to the load cell of an Instron testing machine and pulled upward. In doing so, the 
rectangular vascular sheets on each side of the central clamp were deformed into 
parallelograms. By photographically measuring the distance and angular changes between four 
dots initially imprinted on the mid-region of the left half rectangle, shear strain was evaluated at 
various levels of shearing force. The shear stress at the central region of the parallelogram was 
estimated through a finite element analysis from the known surface traction at the edges of the 
specimen. An effective shear modulus for the vascular tissue was calculated by dividing the 
shear stress and the shear strain corresponding to the central region of the specimen. An 
effective shear modulus of approximately 76 kPa (11 psi) was determined for bovine thoracic 
aorta. This value is comparable in magnitude with values reported by others using torsion 
experiment. 

 
 

Introduction 
Vascular tissue is a highly complex material containing collagen, elastin and smooth muscle [2, 8, 
9, 16, 20-26, 29, 36, 38, 41, 44]. Therefore, its mechanical behavior cannot be characterized 
satisfactorily by simple constitutive equations. The vascular tissue undergoes large deformations 
while still exhibiting elastic behavior [7, 10, 13-22, 24-29, 31, 32, 34-36, 40-50, 52-55, 58-62]. It is 
an incompressible [11, 12] and orthotropic material [13-22, 24-29, 31, 32, 36, 39-50, 52-55, 58-62]. 

A blood vessel under axial load and intraluminal pressure does not experience appreciable 
twisting [39]. Because of this and due to an established belief that «under physiologic loading», 
blood vessel experiences no shear, study of shear deformation of arteries was completely ignored for 
over a century, there are instances, however, in which blood vessels undergo shear deformation. 
This study was also motivated for other reasons listed in the following section. 
 
 

Why subjecting arteries to shear is important? 
Although the classic experiment of Patel and Fry [39] shows that a blood vessel under axial 

load and internal pressure does not experience appreciable twisting, there are many physiologic and 
non-physiologic instances in which vascular tissue undergoes shear deformation. For example, in 
thoracic injury that may result from automobile accidents, blood vessel (aorta) may experience 
significant shear deformation [51]. Due to twisting action of the heart, the aortic arch and the upper 
portion of the thoracic aorta constantly experience, to some degree, some cyclic twisting (shear 
deformation). Considering the shape of the aortic arch, in each cycle of filling and discharge, the 
aortic arch experiences significant shear deformation due to blood flow. In addition, pulsatile blood 
flow through the branches and bifurcations subjects portions of the blood vessel at the vicinity of 
                                                           
 A talk based on this work was presented at the First World Congress of Biomechanical, La Jolla, California. 
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the branches to some degree of shear deformation. During bending and rotation of the head, the 
carotid artery experiences shear deformation. Since the outside of the blood vessel is tethered to the 
surrounding tissues and its inside is free, blood flow may induce hemodynamic shear stress on the 
wall. Pulsation of the artery may also subject the wall to shear deformation in radial direction and 
due to the fact that some arteries (such as the aorta) are partially tethered, pulsation may accompany 
arterial motion which may induce some shear deformation is longitudinal and circumferential 
directions. 

In pathologic conditions, arteries are even under more shear deformation compared to 
healthy vessels. For example, atherosclerosis and calcification are typically, localized, therefore, 
certain portions of the wall are hardened in contrast to the rest of the wall, which may not have 
atherosclerotic or calcified lesions. Under pulsatile action, the normal portion of the wall can 
naturally stretch considerably while the diseased portions may not be able to stretch as much and, 
therefore, shearing may occur at the boundary between the diseased and healthy portions of the wall. 

In clinical interventions, such as balloon angioplasty, balloon embolectomy, implantation of 
stents, valves and arterial grafts and patches, significant wall shearing may take place. In vessel 
transplantation, shear deformation is important. For example in using mammary or femoral vessel 
for a coronary bypass, the straight vessel must be bent to match the curvature of coronary vessel in 
which it is subjected to shear deformation. 

Shear test also provides additional useful information on material parameters, which cannot 
be obtained form other tests. Shear test (torsion or the one proposed in this work) yields an 
independent piece of information, which cannot be obtained from other tests. A complete stress 
analysis of arteries to yield a complete 3-dimensional constitutive formulation requires information 
on the behavior of the arterial tissues under shear deformation. Such test provides additional 
constitutive constants for complete mechanical characterization of the arterial tissue. In finite 
element or other computer simulation of arteries, value of the shear modulus of arterial wall is also 
needed as one of the input parameters. 

For these reasons, it is, therefore, important to conduct shear tests on vascular tissue. In the 
literature, we could only locate a few papers dealing with deformation of arteries under shear 
loading [19, 29, 31, 32, 34, 35]. 

 
 

Methods 
Shear modulus of engineering materials is typically evaluated by the application of a torque 

on a cylindrical specimen and the measurement of the resulting angle of twist. The conventional 
torsion test may not be practical for specimens with non-circular cross-sections. Arteries have 
«somewhat» circular cylindrical cross-sections. To reduce the influence of the end effects on 
measurement, one needs to use a longer specimen. For longer arterial specimen, other problems 
such as change in diameter and thickness along the length of the specimen can be serious parameters 
affecting the appropriate measurements in torsion test. Although, as a first order of approximation, 
torsion tests has been conducted by others [19, 31, 34, 35], we choose to implement a different type 
of shear experiment on aortic specimens. In this study, we introduce a procedure whereby 
rectangular aortic and rubber specimens are subjected to shear. Using photoelasticity method on 
polyurethane rubber specimens, we show that the resulting stress distribution is uniform in the 
central region of the specimen. We then show by using a finite element procedure that the shear 
stress in the central region is proportional to the intensity of the applied force. The constant of 
proportionality depends, however, on the dimensions of the specimen, which we called it «shape 
dependent index». The effective shear modulus of the aorta is then evaluated as the ratio of the 
applied force intensity multiplied by the shape dependent index to the shear strain measured in the 
central region of the specimen. The shear modulus obtained for the aorta is smaller than that of the 
synthetic materials (such as polyurethane rubber) used for biomedical applications. 
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Experimental procedure 

Bovine thoracic aorta was cleaned off from all the loose connective tissues. The aorta was 
then cut along a line parallel to the axis of the aorta in between the intercostals. This resulted in a 
flat aortic sheet from which rectangular aortic specimens were obtained and used in shear 
experiment. 

The animals were sacrificed for other research purposes and the aortas removed within half 
an hour postmortem. The tissue was immediately immersed in physiologic cold salt solution with 
composition (in mM) of: 116.5 NaCl, 22.5 NaHCO3, 1.2 NaH2PO4, 2.4 Na2SO4, 4.5 KCl, 1.3 
MgSO4, 2.5 CACl2 and 5.6 dextrose and transported to our laboratory. All the tests were performed 
within 2-3 hour postmortem at room temperature (22-24°C). 

A rectangular aluminum block (1.5” x 3.25”) was placed on the flattened vessel and using a 
sharp razor blade rectangular specimens were cut in the  - and z- directions as shown in Fig. 1. 
Depending on the natural size of the bovine aorta, one or two specimens in  and two to three 
specimens in the z-directions could be cut from the given bovine aorta. 

Each rectangular aortic specimen was laid flat on a wet laboratory towel. Four lines were 
drawn on the intimal surface of the vessel using an ink pen as shown in Fig. 2. These lines were 
used as guide lines in clamping the specimen. Before clamping the rectangular specimen, four small 
dots were imprinted on the central region of the left half of the specimen using an aluminum 

template with four small holes 1/8” x 1/8” and an 
ink pen with waterproof ink. The thickness of the 
specimen at the top, middle, and bottom was 
measured and computed using a weighted average. 
The thickness was measured using a method 
described elsewhere [57]. The aortic sheet was then 
clamped to a rod using two clamp plates, one on 
the front face and one on the back face of the 
specimen along the middle guide lines on the 
rectangular specimen. The aortic sheet was  then 
clamped to a rod using two clamp plates, one on 
the front face and one on the back face of the 
specimen along the middle guide lines on the 
rectangular specimen. The rod, with the specimen 
attached to it, was then suspended from the load 
cell of an Instron testing machine (model 1000). 
The load read out of the machine was zeroed to 
cancel the weight of the specimen. The cross head 
of the testing machine moved up and down and 
held at a desired height so that the middle clamp 
and the side clamps were at the same level. The 
specimen was further clamped to a pair of vertical 
posts along its right and left edges. The guidelines 
along the edges were used so that these lines 
coincided with the inner edges of the clamps. This 
was done to insure desired specimen dimensions in 
each test. The vertical posts were engaged in a rail 
system on the platform, which could move 
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Fig. 1. Schematic diagram showing preparation of 
rectangular specimens from a tubular aorta (a). The 
 - and z-specimens cut from the aortic sheet are 

shown in (b). 
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Fig. 2. Schematic diagram showing a rectangular specimen with four guidelines and four dots imprinted 
on the face of the specimen. 
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symmetrically toward and away from each other. To accommodate different specimen sizes, the 
vertical posts could move back and forth so that the edges of the clamps coincided with the right 
and left guidelines on the rectangular specimen. Once this was achieved, the vertical posts were 
tightly secured to the rail on the platform as shown in Fig. 3. This also insured that each specimen 
was held to its natural size, i.e., the relaxed distance between the right and left guidelines. This 
flattened configuration was considered as the reference configuration.  

A shear deformation was imposed on the rectangular specimen as shown in the schematic 
diagram in Fig. 4 by upward motion of the central clamp attached to the load cell of the testing 
machine. The entire experiment was performed within two minutes, which ensured that the 
specimen remained wet. In between each operation, the specimen was bathed with physiologic 
saline solution. All the experiments were performed at room temperature. We did not 
preconditioned the tissue [25] since doing so requires keeping the tissue out of the physiologic 
saline solution for additional period of time. In the control experiments, we sheared one specimen 
then removed it from the clamps. The specimen was then left in physiologic saline bath and the test 
was then repeated five times in periods of a half-hour each. The results showed that the effective 
shear modulus was approximately the same. 

A camera (Canon, model T-90) equipped with MACRO lens was rigidly fixed to the table in 
front of the specimen at a fixed distance from the specimen. Series of photographs were taken 
corresponding to various levels of the applied central load. Enlarged photographs were made and 
used for strain measurement purposes. Relative coordinates of four points, A, B, C, and D were 
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Fig. 3. Schematic diagram showing the rectangular specimen attached to the clamps. 
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Fig. 4. Schematic diagram showing the rectangular specimen after it is sheared. 
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recorded using a digitizing tablet and a special software (Sigma Scan). Using these coordinates, the 
axial strains in the horizontal and vertical directions (yy, zz) were computed as follows:  

)1( 2
22

1
yy  ; )1( 2

32
1

zz  . (1) 

Where 2 and 3 are the extension ratios in y and z directions respectively [25]. Similarly the shear 
strain (yz) was computer using the angle between AB and AD (see Fig. 4) and the extension ratios 
2 and 3 by using the following equation [25]: 

 cos21 32yz  (2) 
 To eliminate or reduce the influence of the end effects, the strain measurements were 
performed on the central region of the specimen away from the clamped and free edges. The applied 
force intensity at the clamped edge (*) was defined as the ratio of the applied load F (obtained from 
the load read out of the testing machine) and the initial cross sectional area of the specimen parallel 
to the applied load as: 

tH/F*   (3) 
where t is the thickness and H is the height of the specimen. 

While shearing the specimen, a force in the direction perpendicular to the applied load may 
develop and, therefore, influence the results. To measure this force, strain gages were mounted on 
the lower end of the left vertical post, effectively converting it to a load cell or load beam. After 
calibrating this load beam, it was found that the magnitude of this lateral load was small while the 
specimen was being sheared (less than 5% of the applied load for narrow specimens and less that 
2% for wide specimens). The experimental set up with a rubber specimen is show in Fig. 5. 
 In order to validate the hypothesis that the stresses and strains are uniform in the central 
region of the aortic specimens, we conducted similar shear test on rectangular polyurethane rubber 
specimens. A total of 28 different size rectangular rubber specimens were cut from an available 
polyurethane rubber sheet (with thickness of 0.15”). To show (qualitatively) that the stress gradient  
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Fig 5. A typical photograph showing the experimental set up of a rectangular rubber sheet under shear 
deformation. The numbers on the left side are the output readout corresponding to the lateral force developed 

while the specimen experienced shear deformation. 

 
exists only close to the edges, isochromatic photoeleastic pattern of each specimen was 
photographed. Isochromatic photoelastic patterns of one specimen sheared at five levels of applied 
load are shown in Fig. 6. As can be seen the stress distribution is uniform in the central region of the 
specimen and the stress gradient only exists close to the edges of the specimen. 

 
 

Finite element procedure 
The effective shear stress along the edge may not be the same as that in the central region of 

the specimen where the strain measurements are made. To investigate the relation between the 
effective shear stress and the corresponding actual shear stress in the central region, an extensive 
finite element analysis described below was utilized. 

       
  

   
 
Fig. 6. Isochromatic photoelastic patterns of a polyurethane rubber specimen at five levels of the applied load 

corresponding to shear deformation. Notice that in the central region of each photograph, the stress distribution 
is uniform and the stress gradient can only be seen close to the edges. The load level increases form top left to 

bottom right. 
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For this purpose, we used the finite element program ADINA (Automatic Dynamic 
Incremental Nonlinear Analysis) (ADINA R&D Inc., MA). This software is capable of handling 
geometric and material non-linearities as well as large deformations [1, 3-6]. ADINA has a 
speciallly designed subprogram written for rubber-like materials [1, 3, 4, 6, 33]. Starting point of 
using this feature is the use of constitutive model for rubber-like materials which in this case is the 
simple Rivlin-Mooney material, proposed by Mooney [37]. It is the most frequently used model for 
rubber-like materials. Furthermore, it is directly applicable to the polyurethane rubber specimens 
used in our experiments. The strain energy density function proposed by Mooney has the following 
form [37]: 

W = C1 (I1 – 3) + C2 (I2 – 3) (4) 
where C1 (psi) and C2 (psi) are the material constants and I1 and I2 are the first and second strain 
invariants, given by:  

I1 = 1
2 +2

2 + 3
2 

I2 = 1
2 2

2 + 2
2 3

2 + 3
2 1

2 
(5) 

where 1, 2, and 3 are the extension ratios along the principal directions. Because of the 
imcompressibility condition, the third strain invariant is equal to unity. 
 In our procedure, we used the program valid for plane stress condition. The material 
constants C1 and C2 are used as inputs to the finite element program were independently evaluated 
for polyruethane rubber by conducting simple uniaxial tensile test resulting in C1 = 90 kPa (13 psi) 
and C2 = 118 kPa (17.06 psi) [56]. 
 The second set of imput data required by ADINA was the geometry of the specimen and its 
boundary conditions. Since the problem is symmetric, only one half of the model in s. 3 and 4 is 
used in finite element siumlations as show in Fig. 7. The boundary conditions imposed were such 
that all the nodal points on the left edge of the specimen were restrained aginst translation in any 
direction. On the right edge (corresponding to the middle clamp) motion of the nodal points was 
allowed only in the vertical direction as a rigid line, i.e., the distances of the nodal points on the 
right edge were not allowed to change, the total applied load was, therefore, equally distributed 
among these nodal points. A total of 28 different size rectangular polyurethane rubber models 
were simulated in finite element analysis to investigate the influence of the size and the end effects. 
The finite element mesh size for all the specimens were ? ” x ? ”. The values of W and H for all the 
models used are given in Table 1. Thickness of 0.15” was used for all the models in finite element 
simulation in order to compare the results with experimental data obtained using an available 
polyurethane rubber sheet of thickness 0.15”. Figure 8 shows one rubber specimen at different 
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Fig. 7. Schematic diagram showing a specimen used in finite element simulation before (a) and after it is sheared 
(b). Because of symmetry, only one half of the specimen in Figs. 3 or 4 is used in finite element simulation. 
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levels of shear deformation. The dots imprinted on the face of the specimen (? ” x ? ”) corresponds 
to the course nodal points in the finite element simulation. 
 The output values of the finite element program consist of displacement components at each 
nodal point as well as the Cauchy stress tensor components and the components of the Green-
Lagrange strain tensor yy, zz, yz, yy, zz, and yz. The coordinate system used in the present work 
follows that used in ADINA, that is, the x-coordinate is taken in the thickness direction. The y- and 
z- coordinates are taken in the weidth and the height directions, respectively, as show in Fig. 7. 
 Using the above finite element generated output (the stress and strain components) for the 
central region of each specimen, the values of maximum shear stress and maximum shear strain (at 
the central region of each specimen) were computed by using the stress and strain transformation 
formulas (Mohr’s Circle). The angle  between the two line segments orignally along y and z 
directions, (lines AB and AD in Fig. 7) was calculated by using the coordinates of the points A, B, 
and D. 

 
 

Table 1. 
List of rectangular specimens used in finite element program (all models have thickness equal to 

0.15 inch). The values of the shape dependent index model obtained from the finite element 
simulation are listed 

MODEL HEIGHT, H (in.) WIDTH, W (in.) =max /* ±SEM 
 

A1 2.25 2  1.585(± .002) 
A3 2.25 1.50 1.464(± .004) 
A5 2.25 1 1.295(± .012) 
A7 2.25 0.50 1.172(± .010) 

 
B1 2.25 1.75 1.393(± .004) 
B3 1.75 1.75 1.458(± .001) 
B5 1.25 1.75 1.467(± .002) 

 
 

 
 

Fig. 8. Photograph of an actual specimen at different levels of shear deformation. The top left photograph 
corresponds to unloaded state. The shear deformation level increases form top left to bottom right. The dots 
imprinted on the face of the specimen (? ” x ? ”) correspond to the course nodal points in the finite element 

simulation. 
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B8 0.50 1.75  .987(± .001) 
 

C1 2 1.50 1.346(± .004) 
C3 1.50 1.50 1.412(± .010) 
C5 1 1.50 1.348(± .006) 
C7 0.50 1.50  .985(± .010) 

 
D1 2 1.25 1.291(± .004) 
D3 1.50 1.25 1.376(± .001) 
D5 1 1.25 1.349(± .005) 
D7 0.50 1.25  .976(± .011) 

 
E1 2 1.00 1.184(± .004) 
E3 1.50 1.00 1.256(± .003) 
E5 1 1.00 1.254(± .067) 
E7 0.50 1.00 1.009(± .001) 

 
F1 2 0.75 1.107(± .003) 
F3 1.50 0.75 1.175(± .005) 
F5 1 0.75 1.293(± .002) 
F7 0.50 0.75 1.026(± .012) 

 
 

Results on polyurethane rubber 
Figure 5 shows a representative rectangular polyurethane rubber specimen under shear 

deformation. Figure 6 shows a series of isochromatic photoeleastic pattern of a rubber specimen 
under five different levels of shear deformation. These figures indicate that the stress distribution in 
the central region (where our deformation measurements were done) is uniform. 

Using the finite element output, shear stress max for the central region of each specimen at 
different levels of deformaion were obtained and compared with the applied force intensity (*). As 
shown in Table 1, the values of  = max/ * were geometry dependent, but nonetheless as can be 
seen from small values for SEM, they are fairly constant for any given size specimen under various 
levels of externally applied load (insensitive to applied stress). We concluded, therefore, that the 
value of  = max/ * is force-independent and named it the «shape dependent index». 

To investigate the senstivity of the finite element results to mesh size, several models were 
analyzed using four different mesh sizes. One such model is shown in Fig. 9, this model was 
divided into 4, 16, 64, and 256 elements. For all the models studied, the value of the shape 
dependent index quickly converged by refining the mesh size. This value was insensitive to the 
mesh size for models that have 16 or greater number of elements. 

The values of yy, zz, and yz obtained from finite element calculations were compared with 
those measured from experiments conducted on the same size polyurethane rubber sheets and at the 
same load levels used in finite element simulation. Out of all specimen sizes with less than 10% 
discrepany between the finite element and experiment, we chose D3 model. The discrepancy 
between finite element and experiment for yy, zz, and yz for model D3 with dimensions of 1.5” x 
1.25” were 3.5%, 5.5% and 0.9% respectively. The discrepancy between strain values computed 
numerically and measured experimentally increased as the specimen’s width or height decreased 
towards zero. This is qualitatively consistent with the results of the photoelastic patterns showing 
considerable stress gradient at the central region of the short or narrow specimens, whereas, for 
wider and taller models the stress field were uniform in the middle of these specimens (as shown in 
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Fig. 6). From these results, we selected the specimen size (1.5” x 1.25”) with =1.376 
corresponding to D3 model which is suitable for bovine thoracic aortas used in the experiments. 
 
 

Results on vascular tissue 
The rectangular bovine aortic sheets were subjected to the shear deformation described 

earlier. At several levels of the applied shear force (stress), the deformation pattern (dots) was 
photographed. Figures 10 shows one series of a rectangular bovine aortic specimen under increasing 
level of shear deformation. In the preliminary work, the relative coordinates of the four dots on each 
frame were measured and recorded using enlarged photographs. In the actual test, the coordinate 
measurements were done on the negative films instead of the glossy photographs using a travelling 
microscope of smallest graduation equal to 0.0001”. These coordinates were then converted to shear 
strain corresponding to the central region of the specimen. Using shear strain measured and the 
shear stress calculated for the central region of the specimen, an effective shear modulus was 
evaluated as: 

max

max
effectiveG




  
(6) 

where  = 1.572 for D3 model. Note that this value of  corresponds to very fine mesh size (256 
elements shown in Fig. 9). The values of  given in Table 1 correspond to a course finite element 
mesh size (? ” x ? ”). 
 Figure 11 shows typical shear stress versus shear strain curves for three aortic rectangular 
specimens from aorta #1. Each data point corresponds to an externally applied stress level. A least 
squared straight line was fit to the data points. The slope of this line provided an effective shear 
modulus for the aorta. A total of six bovine aortas (with unknown age and sex) with 5 specimens 
whose largest dimension was in the circumferential direction and 13 specimens whose largest 
dimension was along the axis of the aorta used in this experiment. These 18 least squared fits were 

256  elements64  elements

4  elements 16  elements

 
 

Fig. 9. Finite element generated deformed configuration of an identical model 
(1.50” x 1.25”) under the same level of the applied load (F = 2 lbs) using, 4, 16, 

64, and 256 elements. 
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average and the resulting curve represents the average shear stress-shear strain curve for bovine 
aortic tissue as shown in Fig. 12. 

Slope of each least squared straight line fit to the shear stress versus shear strain data was 
obtained. This resulted in an average value of 76 ± 5.31 kPa (11 ± .77 psi) for the effective shear 
modulus for bovine aorta. The effective shear modulus for polyurethane rubber sheet obtained in 
similar manner was aproximately 413 kPa (60 psi). Note that the value of shear modulus for aorta is 
about six times smaller than that of polyurethane rubber. This is consistent with the elastic modulus 
of the aorta at small strain levels being much less than that of polyurethane rubber. However, the 
stiffness of the aorta (elastic modulus) increases with increasing strain, whereas its shear modulus 
remains constant for all values of applied strain (or stress). This makes the oarta more prone to fail 
due to shear failure at higher levels of applied strain (or stress). This may suggest that the rupture of 
aorta through shear failure may possibly be a fundamental mode of failure. 
 
 

Linearity of shear stress – shear strain curves 
In our experiment, we found that the relationship between shear stress and shear strain for all 

the aortic specimens tested were linear (see Figs. 11 and 12). This is despite the fact that the 
relationship between the normal stress and normal strain is highly nonlinear (). This simply 
indicates that although the aorta has a highly varying modulus of elasticity (as a function of applied 
stress or strain), its shear modulus is fairly constant. It is interesting to note that a similar statement 

 
 

 
 

 
 

Fig. 10. Photographs showing a rectangular vascular tissue at nine levels of shear deformation. The top left 
photograph corresponds to the undeformed configuration. The value of the shear deformation increases from left 

to right and top to bottom. 
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was made by Mooney for soft rubbers [37]. The stress-strain curve for polyurethene rubber is also 
nonlinear as shown in Fig. 13. 

As far as the vascular tissue is concerned, we found only a limited work considering shear 
deformation [19, 31, 34, 35]. Deng, et al, 1994 [19] using inflation-extension-torsion test of rat 
thoracic aorta showed that the shear stress is approximately linearly related to shear strain and 
concluded that shear modulus services to define mechanical properties of vessel wall properly. 
Humphrey, et al, 1993 [31] presented a state-of-the-instrumentation in which many well controlled 
experiments can be performed on tubular arteries. This includes inflation-extension-torsion tests at 
fixed diameter, length, twist, stress, strain, torque, etc. They showed that the torque-angle of twist 
data are nearly linear for even plus-minus angles of twist with little hysteresis. They have also 
shown that the torque-angle of twist behavior is more sensitive to changes in diameter (pressure) 
than changes in axial extension. Their group also presented the only work done on twisting papillary 
muscle [30]. 
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Fig. 11. Typical shear stress versus shear strain diagrams for aorta No. 1 both for - and z-specimens. 
Slopes of the least squared lines provided the effective shear modulus for the material of the aorta. 
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Fig. 12. An average shear stress versus shear strain curve for bovine aorta. The average curves represent 5 
specimen in -direction and 13 in z-direction. 
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Kas’yanov and Rachev, 1980 [35] being the only work up to 1979 conducted shear 
deformation test on arteries also noted that torque was faily linearly depended on the angle of twist 
at various levels of longitudinal stretch and circumferential stretch which is the consequence of the 
internal pressurization. In another work, Kas’yanov, et al, 1979 [34] showed that the torque-angle of 
twist relationship is linear at different internal pressures and only deviates from linearity at non-
physiologic pressures of higher than 160 mmHg. Again all these independent tests; Deng, et al [19] 
on rat thoracic aorta, Humphrey, et al [31] on canine thoracic aorta, Kas’yanov, et al [34, 35] on 
human corotid aorta and the present work on bovine aorta show linearily between the shear stress 
(or torque) and shear strain (or angle of twist) at physologic state. 
 
 

Comparison of shear moduli from the literature 
 We could site only four experimental works involving shear deformation of vascular tissue 
in the literature [19, 31, 34, 35]. Although all twisted the blood vessel and reported the shear stress 
(or torque) and shrear strain (or angle of twist) relationship, only Deng, et al [19] and Kas’yanov, et 
al [34] actually reported the value of shear modulus for blood vessels. The valve of the shear 
modulus presented in Kan’yanov, et al [34] at the internal pressure of 10 mmHg is approximately 63 
kPa for human cartoid artery which is comparable with our valve of 76 kPa for bovine aorta. Deng, 
et al [19] reported a value of 137 kPa for rat thoracic aorta at the internal pressure of 120 mmHg. To 
our knowledge, these are the only experiments available dealing with shear deformation of arteries. 
The shear modulus (and other relevent information) presented in these experiments provided 
additional information to suppliment the vast number of data available on non-shear related 
mechanical properties of vascular tissue. 
 In conclusion, we have presented an experimental method to determine the shear modulus of 
specimens in the form of a «flat sheet». We applied the method to bovine aortic sheets. The method 
can also be applied to rectangular skin specimens and other flat tissues. A value of shear modulus 
for aorta, 76 kPa is computed which is comparable with two other similar values available in the 
literature. 
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Fig. 13. A typical normal stress versus normal strain curve for bovine aortic tissue exhibiting highly nonlinear 
behavior. In addition, such stress-strain curve for polyurethane rubber is also shown. Both curves are nonlinear, 

but one concave and one convex. 
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Д. Воссуги, А. Тезерен 
 
Сосудистая ткань – очень сложный материал, содержащий коллаген, эластин и гладкие 
мышцы. Механическое поведение такой ткани нельзя удовлетворительно описать простыми 
определяющими соотношениями. При нагрузке ткань испытывает большие упругие 
деформации. Материал является несжимаемым и ортотропным. При аксиальной нагрузке и 
под действием внутреннего давления сдвиговые деформации обычно не возникают. В 
данной работе описаны ситуации (для здоровой ткани и при патологии), когда сдвиговые 
деформации имеют место. Описан оригинальный метод измерения сдвигового модуля в 
сосудах с помощью плоских образцов. Перемещения регистрируются фотографически, а 
касательные напряжения в месте измерения вычисляются с помощью метода конечных 
элементов. Расчеты показывают, что эффективный сдвиговой модуль для бычьей аорты 
имеет значение примерно 76 кПa. Это значение близко к значениям, полученным другими 
авторами с помощью опытов кручения. Библ. 62. 
 
Ключевые слова: эффективный модуль сдвига, аорта, эксперимент, метод конечных 
элементов. 
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