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Abstract—Samples of descending mid-thoracic aortas were obtained from human autopsies and experi-
ments were performed to determine the effect of strain rate and direction of loading on the failure properties
of the tissue in uniaxial tension. The tests were performed at quasi-static strain rates in the range
0.0157'-0.07s™ ! and dynamic tests in the range 80s™'~100s ™!, Ultimate stress and extension ratio values
have been calculated for specimens tested in the longitudinal and transverse directions of the aorta.

INTRODUCTION

Mechanical properties of aortic walls have been stu-
died for almost a century. Rindfleisch (1873) was one of
the first to document instances of traumatic rupture of
thoracic aorta and Greendyke (1966) estimated that
about one sixth of traffic deaths may be ascribed to this
injury. Roy (1880) was the first to publish
length—tension and pressure-volume relationships for
human and animal aortic tissue. Numerous studies
have appeared since and they have been reviewed by
Milch (1965), Bergel (1972), Taylor (1973), Patel et al.
(1974) and Roach (1977).

The purpose of this experimental study was to
determine the failure properties of human aortic tissue
at quasi-static and dynamic (~ 100s™!) strain rates.
The dynamic strain rate was chosen to be repre-
sentative of those estimated in a thoracic impact which
might cause aortic rupture. Descending mid-thoracic
aortas were obtained from autopsies performed at the
Veterans Administration Hospital and The University
of Michigan Hospital in Ann Arbor, Michigan. The
experiments were designed to determine the effect of
strain rate and direction of loading on the failure
properties of the tissue in uniaxial tension.

Since the determination of failure properties of soft
tissue involves large deformations, experimental tech-
niques had to be developed so that accurate results
could be obtained without the use of strain-gages or
mechanical extensometers. In the high strain-rate tests,
extension had to be measured in milliseconds without
disturbing the test specimen. Photographic techniques
were developed to record the deformation histories in
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both the dynamic and quasi-static tests. Low-mass
pressure piston grips were designed to clamp the tissue
specimen. The grips exerted a constant clamping force
while maintaining the ability to follow the thinning of
the specimen during deformation. All the tissue speci-
mens were tested under passive conditions.

MATERIALS AND METHODS

Tissue sources, storage and specimen preparation

Fresh specimens of human mid-thoracic descending
aorta were obtained from 31 autopsies. Mean age of
the subjects was 54.6 years, the youngest was 4 years
and the oldest 89 years. Five were less than 40 years
old, seven more than 70 years old, and eight were
females. The aortic specimens were stored in polythene
bags which were kept in a refrigerator maintained at
1-3°C. A small amount of Ringer’s solution was
sprayed on the aorta and the humidity maintained at
100%; inside the air-tight bags. Autopsies were usually
performed within 24 hr of death and the tests were
conducted as soon as possible after the autopsy (1-7
days).

When the equipment was ready for testing, the aorta
was slit open and cleaned but the intima and adventitia
were left intact. The opened up aorta was laid flat and
dumbbell specimens stamped out using metal dies
(Fig. 1). Only the mid-thoracic section of the descend-
ing aorta was used. The thickness of the specimen was
measured with an Ames 5642-1 thickness gage (smallest
division 0.025mm) and then a quarter-inch-square
grid was lightly printed on it with a rubber stamp using
regular black stamp-pad ink. The average thickness of
the specimen was more than 50 times the smallest
count on the gage. We found the stamp-pad ink to be
most suitable for this purpose since it stained the tissue
very well and did not smudge even when the tissue was
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sprayed with Ringer’s solution. The two specimen sizes
used are shown in Fig, 2. Specially designed low-mass
air-piston grips (Fig. 3) were used to hold the specimen
in place for both quasi-static and high strain rate tests.
Details of these grips are given in Mohan (1976).

Before the actual test, the specimens were ‘precon-
ditioned’ by repeated loading and unloading four or
five times. This procedure has been considered nec-
essary to stabilize the tissue and to reduce hysteresis
(Bergel, 1961, Speckman and Ringer 1966, Fung 1972).
In the loading phase, the tissue was stretched as much
as possible without causing any visual damage as
judged by the investigator. Since tissue properties
varied greatly from subject to subject, we could not
standardize a preconditioning procedure and the
amount a specimen was stretched during precon-
ditioning depended on our judgement of its extensi-
bility before failure. If any visual damage was detected
(suspected) the specimen was rejected. To get the
specimen ready for the test, it was stretched and then
unloaded until the load was just zero. This was defined
as the initial length of the specimen. The two different
procedures for the quasi-static and dynamic tests are
described below.

All tests were conducted at room temperature
(normally 21°C); a humidifier was kept running near
the test apparatus and Ringer’s solution was sprayed
on the specimen while it was in position for testing.

Testing methods
Quasi-static tests. These tests were performed on an
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Instron TTC floor model Universal Testing Machine.
Extension of the tissue was recorded photographically
with a 35mm Honeywell Pentax Spotmatic camera.
Two views of the specimen (front and side) were
photographed simultaneously by placing a front sur-
face mirror at 45° to the specimen plane or by using
two cameras at right angles (Fig. 4). The load was
measured by a load cell above the grips. The load
signal was recorded on a Brush strip chart recorder.
The synchronization of the load-time trace was done
by mounting a photodiode facing the strobe light of the
camera. Every time a picture was taken, the flash
would produce a voltage spike from the photodiode
circuit, and that was recorded on a second channel
along the load-time trace. An initial photograph was
taken and the crosshead started downward at a speed
of 12.7mm per minute. Photographs were taken at
convenient intervals, usually five to ten in all, until
the specimen failed.

Dynamic tests. These tests were performed on a
Plastechon high speed testing machine at a nominal
crosshead velocity of 92 m/min. The test procedure was
similar but faster recording methods were used. A
Kistler 931 A quartz force link, which is a fast response
high resonant frequency (70KHz) force transducer,
was used to measure the extension forces and a
Honeywell 1508 Visicorder Oscillograph or Ampex
CP 100 tape recorder was used to record the signals.
The camera used in these tests was a 16 mm Photo-
sonics 1B high speed camera which was run at 1,000

ALL DIMENSIONS IN MILLIMETERS

Fig. 2. Dumbbell specimen dimensions. Two different sizes had to be used. When the aorta was not wide
enough, the smaller size was stamped out.



Fig. 1. Dumbbeil specimens stamped out from an opened up aorta. The aortic tissue was laid flat, intima side
up, on a vinyl tile and the specimens were stamped out using metal dies.

889



Fig. 3. Low-mass airpiston grips for holding dumbbell specimens.
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Fig. 4. Use of two cameras in mutually perpendicular directions for uniaxial tension tests on an Instron.
Photographs were taken simultaneously in the two cameras and the flash of strobe recorded on the chart
recorder alongside the load-time trace.
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Fig. 5. Test set-up for dynamic uniaxial tension tests on a Plastechon. Deformation-time histories were
recorded by a high speed movie camera and load-time histories on a magnetic tape recorder.
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Fig. 8. Photographic record for uniaxial test shows six successive frames as dumbbell specimen is stretched.
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frames per second using Kodak 7277 4X-Reversal
film. The film record was correlated with the load time
trace by an initial single flash of a strobe light and
simultaneous recording of time pulse generator tim-
ings marks (1,000s™") on the film and load trace. The
experimental set up is shown in Fig. 5. The experimen-
tal procedure is described in greater detail in Mohan
(1976).

Data reduction

For each test, the photographic record was exam-
ined to determine the location of failure. The grid
within which the tear occurred was selected for
measurement and the deformation—time history cor-
related with the load-time history. The
deformation—time histories for the uniaxial tests were
transferred from film to paper by projecting the
pictures onto a flat surface and tracing out the images
of the specimens onto sheets of paper placed on the
surface. Since extension ratios are calculated by divid-
ing the current grid length by the initial grid length,
absolute values of measurements are not important as
long as the magnification factors remained the same
for each test. For two uniaxial tests, data reduction was
done three times independently and for each test the
three extension ratios were found to within 3%, of the
largest value. The width measurements were not found
to be reliable and therefore were not used as they were
not needed for calculation of true stress (tissue as-
sumed to be incompressible, see below). From this data

true stresses and extension ratios were computed as
outlined below.

Measured variables.

1. Axial load, F.

2. Initial grid length, ;.

3. Current grid length, 1.

4. Initial grid width, wy,.

5. Current grid width, w.

6. Initial specimen thickness, h,.

7. Current specimen thickness, h.

8. Current time, £.

Calculated variables.

1. Axial extension ratio, 4, = I/l,.

2. Width extension ratio, 1, = w/w,.

3. Thickness extension ratio, A; = h/h,.

4. Engineering tensile stress, o, = F/wgh,.

5. True tensile stress, o, = F/wh = i, F/woh
(assuming tissue incompressibility)

6. Average strain rate = (A, — 1) + (time to failure
in seconds) = (4, — 1)/t,.

RESULTS

The total number of tests performed were as follows:

Dynamic Quasi-static
Longitudinal 28 19
Transverse 24 19

Representative tracings of the Brush recorder for
quasi-static and dynamic tests are shown in Figs 6 and
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Fig. 6. Brush recorder trace for quasi-static tests shows strobe markers alongside load-time trace. These
markers indicate the exact time when photographs were taken.
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7 and an example of the sequence of photographs from
uniaxial tests is given in Fig. 8.

The true tensile stresses and extention ratios at the
point of failure have been selected for comparison and
analysis. It is important to use true stress values rather
than engineering stress values in soft tissue testing. In
the case of incompressible materials the cross-sectional
area changes in inverse proportion to the extention
ratio for uniaxial stretch. When extension ratios are
large (1.2-2.2) the difference between engineering
stress and true stress will also be large.

Examples of tensile stress versus extension ratio
curves are shown in Fig. 9. These sets of curves reveal
how great the differences can be between aortas
obtained from individuals of different age and path-
ology. Because of these differences, the effect of strain
rate and orientation should be compared between
specimens obtained from the same individual.

The ultimate (failure) stress and extension ratio
values for all the tests are given in Table 1 and the

" Load-time trace

Flash
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following points should be kept in mind when looking
at these numbers.

(1) Invalid failures are those where the specimen did
not fail in the straight portion of the dumbbell or it
slipped out of the grips. Such values have not been
included in any analysis of failure properties.

(ii) The term dynamic has been used to describe
those tests where the strain rate had a value between
80s~! and 1205~ 1.

(iii) The term quasi-static has been used to describe
those tests where the nominal strain rate was between
0.01s7! and 007s™ L.

(iv) The term strain rate has been used for average
values and not instantaneous values.

(v) True stresses have been calculated by assuming
the aortic tissue to be incompressible.

The values of ultimate stresses and extension ratios
in Table 1 show that the variation among specimens is
very high. To evaluate the effect of mean rate and
orientation of the tissue on its failure properties,

~ Strobe marker

1.0 msec

Q'P

" Timing light record =

Fig. 7. Magnetic tape record for dynamic tests transferred onto chart recorder. Flash recorded on chart and
on film helps to correlate the film and the load-time record for an initial reference frame. Timing light record
on film and along load trace helps to correlate load—-time and extension—time data.
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comparisons were made by pairing tests performed on
tissue obtained from the same subject. The effect of age
and pathological condition were thus minimized.
Failure properties were compared for the following
test pairs.

(i} Longitudinal versus transverse: (a) quasi-static
strain rate; (b) dynamic strain rate.

(i1) Quasi-static versus dynamic strain rate; (a)
longitudinal ; (b) transverse.

Ratios between paired values were calculated and
then the mean for the sample obtained. The Students ¢
statistic was used to test the hypothesis that the mean
of the ratios was equal to one. First the tests were done
for a level of significance equal to 0.01 for two sided tests

897

and then the same analysis was done for a level of
significance of 0.05.

The results obtained were the same for both the
levels of significance. If the null hypothesis was not
rejected. it meant that there was no provable signi-
ficant difference, between the two samples, however,
rejection indicated that the values in the two sets were
not equal. The power of the test was determined by
evaluating the value of § which is a measure of Type I1
error. This is the error made when the null hypothesis
is not rejected when it is false. In all the relevant cases
the value of f was found to be less than 0.02.

Tables 2 and 3 show the results of the statistical
analysis. In the quasi-static tests, no significant differ-
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Fig. 9. True tensile stress versus extension ratio curves for four human aortas. The hardening of aortic tissue
with age is evident in these four sets of curves.
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ence was detected between the ultimate stresses or
extension-ratios in the longitudinal and transverse
directions. However, in the dynamic tests the ultimate
stresses in the transverse direction were significantly
greater than those in the longitudinal direction by a
mean factor of 1.54. The confidence interval for this
factor (a = 0.01) was 1.20-2.12. No significant differ-
ence was detected between the ultimate extension
ratios in the longitudinal and transverse directions.
In Table 3, the results of quasi-static and dynamic
tests have been compared to determined the effect of
strain rate on properties. No differences were detected
in the ultimate extension ratios for uniaxial tests in
longitudinal or transverse directions, but the ultimate
stresses in the dynamic tests in the longitudinal
direction were significantly greater than those in the
quasi-static tests by a mean factor of 1.87. For tests in
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the transverse direction, the dynamic ultimate stresses
were significantly greater than those in the quasi-static
tests by a mean factor of 1.84. These results show that
there is a significant effect of strain rate on failure
stresses but none on extension ratios.

DISCUSSION

The results presented above show that the ultimate
extension ratios were not significantly affected by the
strain rates used in the tests or by the direction of
stretch. The viscoelastic nature of the tissue was
evident from the influence of strain rate on the ultimate
strength of the material. The ultimate stresses at
dynamic strain rates were about twice as great as those
at quasi-static strain rates for uniaxial tests in both
directions. Another interesting feature of the results is

Table 1. Ultimate stress and extension ratio values

Quasi-Static Dynamic (~ 100 sec.”')
Longitudinal Transverse Longitudinat Transverse
Oyt %yt i Tuie
sﬁic.' \?eg;s Sex lN/m2uxl10‘) A (N/m?x10%) A (N/m?x10%) A (N/m?x10*) A
1 77 M 105* 1.22*
89 o
2 88 ™M 150* 1.48*
3 60 M 105 1.25
4 77 M 114 1.20 134 1.32
68 1.47 75 1.28
5 65 M 86 1.46 145 1.81 301 1.74
149 1.49
g g: :«4 678 1.7 379+ 1.72*
1.67
262* 1.45*
1 53 M 180 1.58 130 1.52
12 n M 43* 1.75* 1.10*
13 51 M 148 1.49 314 1.47
14 52 M 91 1.47 203 1.58 1.42 1.62
15 55 F 361 1.87 281 1.84 1.73 1.84°
16 55 F 101 1.31 131 1.33 1.22 210 1.2%
17 89 M 61 1.29 44 1.10 10 1.51 112* 1.20*
18 22 M 312 1.66 383 1.83 728 1.82 1098 1.85
19 87 M 73 1.10 83 1.14 122 1.14 186 1.21
20 62 F 99 1.14 59 1.23* 235 1.15
21 27 M 327 1.80 567 1.73
22 10 M 780 1.86 1188 201
23 56 ] 152 1.59 308 1.57
24 76 F 148* 1.20* 164 1.35
25 24 M 392 1.78 920 1.93
26 4 M 484 2.18 699 1.54
27 54 F 174* 1.45* 328 1.62*
2 57 F a4 225 314* 1.99°
29 53 M 277 1.40 138 1.67 404 1.42 319* 1.44¢
30 49 F 172 1.76 259 1.1 257 1.68 429 1.78
31 60 M 77 1.31 106 147 275 1.32 235 1.25
32 53 F 135 1.60 203 214 310 1.58 363 1.63
33 59 F 70 1.38 224 1.52 288 1.42 515 1.86
34 25 M 219 1.91 296 1.95 318 1.80 697 1.90
Mean 147 1.47 172 1.53 359 1.64 507 1.60
S.D. 91 0.23 89 0.28 204 0.28 329 0.28
N. 18 18 18 18 18 21 16 17

Tinvalid tests
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Table 2. Comparison of failure properties, longitudinal versus transverse

Mean Estimated | Number Null
of Standard { of Pairs t ot Hypothesis
Parameter Description Ratios Deviation N Statistic N-1 Rejected?
Uniaxial, Quasi-Static
UIt. Stress, Long. 09151 | 04572 | 16 07427 | 2947 NO
Ult. Stress, Trans.
Uit Ext. Ratio,Long. | ggg75 | oos70 | 16 | 13275 | 2947 NO
Ult. Ext. Ratio, Trans.
Uniaxial, Dynamic
0.65 02 12 | 60621 | 3.106 YES
UIt. Stress, Trans.
uit. Ext. Ratio,Long. | gg9 01417 | 14 | 02427 | 3002 NO
Ult. Ext. Ratio, Trans.

that while there was no significant difference in the
ultimate stress properties in the longitudinal and
transverse directions at low strain rates, this difference
became quite significant at dynamic strain rates. These
results have important implications for failure theory
of aortas and are discussed below.

Most of the studies conducted on mechanical prop-
erties of aortic tissue have concentrated on
stress—strain properties of aortic tissue under con-
ditions of low strain rates. To our knowledge this is the
first time tension tests have been conducted on aortic
tissue at strain rates greater than 3.5s™!, While it is
generally accepted that aortic tissue is viscoelastic the
effects of strain rate have not been quantified. Roy, as
far back as 1880, detected the effect of strain rate and
wrote, “When curves are not taken too fast they have
the same form.” In the past, dynamic tests on aortic
tissue were mainly limited to pressure-volume re-
lationships of aorta pressurized cyclically or vibration

tests on aortic strips at low levels of strain (Bergel,
1961, Patel et al., 1973, Lawton, 1955). The purpose of
those experiments was to provide information to
explain the mechanical behavior under physiological
conditions and so high levels of extension and stress
were not considered. Extensive data on failure proper-
ties of the aorta has been summarized by Yamada
(1970) but only for quasi-static strain rates.

There are no previous data to compare the results
from our high strain rate tests. For quasi-static tests,
Yamada (1970) reports mean values of ultimate stres-
ses and strains for adult aortas. The values recorded
were in terms of engineering stresses and therefore the
true stresses would be greater. The ultimate engineer-
ing stress in the longitudinal direction was 7.5 x
10°N/m? and in the transverse direction 8.9 x
10° N/m2. These indicate a ratio of 1.18 between
transverse and longitudinal directions. This ratio is
almost the same as found in this study. In this study the

Table 3. Comparison of failure properties, quasi-static versus dynamic

Mean Estimated | Number Null
of Standard | of Pairs t %o |Hypothesis
Parameter Description Ratios Deviation N Statistic N-1 Rejected?
Uniaxial, Longitudinal
Ult. Swress, Static 05344 | 02147 | 10 6857 | 3250 | VES
Ult. Stress, Dynamic
Utt.Ext.Ratio,Static. | 40434 | 01382 | 12 1.088 | 3.108 NO
Ulit. Ext. Ratio, Dynamic
Uniaxial, Transverse
e, Stress, Static 05443 | 0.0964 9 14182 | 3355 YES
Uit. Stress, Dynamic
Utt. Ext. Ratio, Static
Uit. Ext. Ratio, Dynamic| 1.023 0.1456 10 0.4993 3.250 NO
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mean values true stresses for transverse and longitu-
dinal directions are 1.72 x 10°N/m? and 147 x
10® N/m?, which are not too different from Yamada’s
values if the difference between true stress and
engineering stress is accounted for. The fact that a few
young aortas are included in the present study also
increases the mean values. Yamada found the mean
ultimate extension ratio in the transverse direction to
be 1.71 and that in the longitudinal direction to be 1.56.
The values from this study are 1.53 and 1.47 re-
spectively. The difference in values in the two studies
could be because of the difference in measuring
techniques.

The behavior of the tissue before failure has not been
characterized mathematically in this paper. On com-
paring the longitudinal and transverse curve pairs it
was noticed that in most cases the transverse specimen
was less stiff than the longitudinal one in the low stress
region. As the specimens were stretched further, the
stresses increased more rapidly in the transverse
specimens and the stifinesses became similar in the
high-stress and high-strain regions. In some cases the
curves also crossed. This phenomena has also been
reported by Roy (1880), Hierton and Jordan (1956),
and Milch (1965) among others. The curve shapes were
similar to those reported by almost all the other
investigators. Many others have described the struc-
tural basis for these curves and general stiffening after
physiological stress levels has been attributed to the
progressive straightening of aortic lamellae and in-
creasing dispersion and alignment of collagen fibers
(Wolinsky and Glagov, 1964).

The effect of strain rate seemed to manifest itself
roughly in proportional increases in the strength and
stiffness of the material. The ultimate extension ratios
were not affected by strain rate. This finding does not
agree with Collins and Hu (1972) who wrote that “as
strain rate increases, rupture occurs at higher stress
and lower strain.” This discrepancy could be due to
two reasons: Firstly, Collins and Hu themselves
questioned the accuracy of their strain measuring
technique, and secondly, it is not clear how they
compared the two sets of data. Even in this study if one
just looks at the means of dynamic and quasi-static
ultimate extension ratio values they appear to be
different, but when the tests are paired no significant
difference is detected. Where our findings agree is that
ultimate stress values increase with increase in strain
rate. The actual values cannot be compared since they
used pig’s aortae and much lower dynamic rates
{3.5s71).

From the data presented we conclude that the most
reasonable failure theory for aortic tissue is the maxi-
mum tensile strain theory. Because of the intermesh-
ing of collagen and elastin fibers in the tissue (Glagov,
1973, Milch, 1965) the forces probably tend to be
shared equally between the collagen fibers; hence the
grossly similar behavior in the longitudinal and trans-
verse directions. The collagen bundles in aortic tissue
are mainly arranged in a helical manner around the
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circumference of the aorta, resulting in the greater
strength of the transverse specimens at high strains.
The difference between longitudinal and transverse
directions are more pronounced at the higher strain
rates which may help to explain the reason why aortic
failures occur in transverse tears of the wall.

Many researchers have proposed high vascular
pressures as being the main cause of aortic rupture
(Oppenheim, 1918; Tannenbaum and Ferguson,
1948 ; Klotz and Simpson, 1932; Kleinsasser, 1943 ;
Strassman, 1947). Others laid more importance on
longitudinal stretching (Rindfleisch, 1873; Letterer,
1924). Lundewall (1964) put forward the idea of the
water hammer effect. Cammack et al (1959) and
Roberts et al. (1967) suggested that torsion and
stretching both probably play an important role. The
effect of curvature and tapering of the aorta has also
been investigated by Ayorinde et al. (1975) and Ray et
al. (1975). The reason why investigators doubted that
excessive pressure was the main cause of aortic failure
was that if the aorta is modelled as a cylinder then the
wall axial (longitudinal) stresses turn out to be one half
the circumferential (transverse) stresses. In such a
situation transverse tears can only occur due to
internal pressure if the transverse strength is more than
twice the longitudinal strength. The data obtained
from quasi-static tests indicated that this was not so
and the transverse strength was nominally 1.2 times the
longitudinal strength. Hence the need for alternate

theories of failure.
The results of this study show that the difference

between longitudinal and transverse ultimate stresses
increases with increasing strain rate and this difference
is significant at a strain rate of 100s™!. This is the
magnitude of strain rates which are likely to be
experienced in the aorta during blunt trauma caused
by automobile crashes (Kivity and Collins, 1974). The
999, confidence limits for the ratio of dynamic ultimate
true stresses between transverse and longitudinal
directions have been shown to be 1.23 and 2.04. So in
the limit these ratios come closer to the ratio of 1 :2 as
needed in a cylindrical model. The aorta is not a
perfect cylinder and in trauma it probably gets partly
occluded by being squeezed between the viscera and
the spinal column. It is possible that during impact a
portion of the vessel may form a bulge whose shape is
more spherical than cylindrical. In the spherical situ-
ation the stresses in the two orthogonal directions
are in the ratio 1:1. In all other imperfect shapes
between the two extremes of the cylinder and the
sphere the ratio would be between 1:1 and 1 :2. In light
of the above, it seems entirely possible that the aorta
can rupture with a tear in the transverse direction
under dynamic loading. This is not to say that the
other factors do not contribute, for indeed they must
under different impact conditions. The important
point being made here is that is not impossible for a
transverse failure to be caused by high pressures aione.

The data gathered in the above experiments are not
enough to formulate constitutive equations for aortic
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tissue since it is necessary to have information from
tests under at least three deformations states for that
purpose. Furthermore, more accurate information is
needed for biaxial behavior and comparisons to be
made between behavior of aortic tissue under con-
ditions of cylindrical and spherical stretch. As far as

,,,,,, imantal nrocedures are concerned. it would be
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useful to have more pictures per test so that the
stress—strain curves in the low stress, low strain region
could be plotted more easily. More tests should be

done at strain rates between 0.1 and 10057 ! so that a
relationshin between stress and strain rate can be

relationship between stress and strain rate
established. The photographic techniques can be im-
proved upon. If the grid lines were made thinner and
lighting arranged such that the side views were clearer
it would help greatly in improving accuracy.

The effect of ‘preconditioning’ on failure properties
of aortic tissue is not known. The extent to which the
tissue should be stretched so that it exhibits repeatable
behavior is aiso not known. if ihe stabilization occurs
only within the extension range in which the specimen
is cycled during preconditioning, then standardized
preconditioning procedures will have to be established
to obtain comparable data. This phenomenon needs to
be studied more carcfully.

We do not know the kinematics of the human aorta
during blunt chest trauma. This can only be de-
termined through high-speed X-ray photography. Un-
til more details are found out we will have to depend

unon osuesswork The most imnortant ﬂ’nnn to note is
upon guessworx. 1 ne most impeortant ihr tonote s

that when properties have to be compared between
different test conditions, the tests being compared
shouid be on tissue from the same source.

CONCLUSIONS

Thic ie tha fire st tirna that waa
41113 1> I,IIU 11104 Lliliw tliak l}

ca
ties of the human descending aortic tissue have been
tested at strain rates in the range of 100s™!

The major conclusions are as follows.

1. Ultimate extension ratios are not affected signi-

ficantlv hv ctrain rate or ariantatian of ticqua
aa u “vl) DRA Il RGN VL VLIVt UIULL UL LIDJUL,

2. Dlﬂ"erence between ultimate stresses in the trans-
verse and longitudinal directions increase with strain
rate.

3. The most reasonable failure theory for aortic
tissue is maximum tensile strain theory.

4. It is possible for the thoracic aorta to fail with an
initial transverse tear caused by excess pressure alone.
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