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Introduction

The present activity is part of APROSYS SP5 on Riohanics for the improvement of injury
criteria. Particularly, this work is included intthe Task 5.1.4 which aims at providing
experimental data on abdominal soft tissues inrotdedevelop constitutive laws and failure
criteria necessary for Finite Element (FE) modehaian body.

The current study deals especially with the charagition of the linear and nonlinear mechanical
behaviour of abdominal solid organs such as kidneser and spleen from rheological
experiments in shear and determining the failuiterta of some planar soft tissue from dynamic
tensile tests.

The shear material properties of organ parenchyera weasured, in one hand, at small strains
(0.1%) and over a large frequency range from @goily experiments and, in other hand, over a
larger range of strains (0.1 — 100%) from constdrdin rate tests. To achieve this goal, the
experimental set-ups consist of two rheometergamadard rotational rheometer (Bohlin C-VOR
150) used for the linear and nonlinear characteomaof tissues and a translational high
frequency rheometer especially designed to lineahigracterize soft viscoelastic media over a
large frequency range (from 0.1 Hz to 10 kHz). Fe@sons of logistical constraints on supplying
fresh organs and anatomical and physiological amitigs to the human organs, most of shear
tests were performed on porcine tissues. Prelimitests were carried out in order to define the
most relevant experimental protocol by studying eéffeciency of interfaces between the sample
and the plates of the rheometer (fluid and jekeliglue, veterinary tissue adhesive such as
Nexaband and Vetbon8, sandpaper) and the effects of boundary conditittming testing (with

no precaution against the sample dehydration andgurgounding the sample with a saline
solution or petroleum jelly). Only the results frahre best test conditions are presented in this
report.

Firstly, the linear response of tissues was detgthiover a large frequency range by using the
translational high frequency rheometer. Secondilg,data were compared to the results obtained
by using the rotational rheometer (Bohlin) over atiplly common frequency range (at low
frequencies) in order to check the reliability ofasurements. Thirdly, the nonlinear response of
tissues was characterized by conducting experimantdifferent constant shear strain rates.
Finally, in order to investigate the variation oédhanical properties between porcine and human
organs, some human samples were also studied.

Concerning soft planar tissue, a tensile test niethas developed and applied to human skin as
preliminary tests. The objective was to performhstest on human aorta tissue. The tensile test
set up is presented. Failure characteristics dt igain rate (mean strain rate = 59 are given

for the skin. These results have been publishdd]inThe same tests have been performed on 4
samples of human aorta tissue.

AP-SP51-0042 3/34
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Material Characterization of abdominal solid organs

1.1 Materials and Methods

The material characterization of abdominal soligams was performed by measuring the material
properties of human and porcine kidney, liver aoléen.

Sample Origin and Location

Renal Tissue:

Eight fresh six-month-old pig kidneys came from dbcslaughterhouse. Thin slices of
homogeneous tissue were removed from the renadcpdrallel to the outer surface (Figure 2.1)
using a double blade scalpel.

Renal

Renal

Figure 2.1: Schematic view of human kidney. Samplesere taken from the renal cortex (Left
bottom). Microscopic view (x100) of the renal corte (Left top).

From these slices, disc-shaped samples were obtasieg a punch. Samples were prepared with
different heights (0.5 mm, 1 mm, 2 mm, 4 mm) arahtkters (10 mm, 16 mm) (Figure 2.2). After
harvesting, the samples were immediately immergéal a saline solution and preserved at 6°C
until the test.

Two two-week post-mortem human kidneys were remdv@th cadavers. From the death to the
dissection, the human body was conserved in arcolch. Samples were extracted from the renal
cortex in the same manner than the porcine ones.

4 mm 2 mm

AP-SP51-0042 4/34



Material Properties of Soft Tissues: Experimental Dat a
AP-SP51-0042

1 mm 0.5 mm

10 mm 16 mm

Figure 2.2: Four double blade scalpels of variousagp (Top) and
two punches of different diameter (Bottom)

Hepatic Tissue:

Three fresh six-month-old pig livers came from loskughterhouse. Samples were removed
from the hepatic parenchyma at the place where tigsie without big blood vessels is
homogeneous (Figure 2.3). The samples were prefigeethe kidney ones and preserved into a
saline solution at 6°C before the test.

One liver was harvested from a four-day Post-Morteluman Subject (PMHS) for the
comparison. Few samples were extracted from thédolspace and conserved in a saline solution
at 6°C.

Lobular Space

Vessels

Figure 2.3: Schematic view of pig liver. Microscop view (x25) of the hepatic lobules (Left top).

Splenic Tissue:

One fresh six-month-old pig spleen came from I@talighterhouse. Samples, consisted of pulp
and trabeculae, were removed and conserved inne sallution at 6°C.

AP-SP51-0042 5/34
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One spleen was harvested from a four-day PMHS. $@amples were extracted from the splenic
parenchyma (Figure 2.4). To prevent dehydratioa,stimples were bathed in a saline solution at
6°C.

Figure 2.4: Schematic view of human spleen. Microspic view (x24) of the splenic tissue (Left top).

Experimental Devices

Linear and nonlinear shear properties of abdomorglns (kidney, liver and spleen) were
determined by using two rheometers: a standardioatd rheometer (Bohlin C-VOR 150) and a
translational high frequency rheometer.

Standard Rotational Rheometer (Bohlin)

The samples were glued to the parallel plates ef rtteometer using an octyl-cyanoacrylate
adhesive (Nexaband®) in order to eliminate the slip

The top plate of the rheometer was lowered untibittacted the upper surface of the specimens
to avoid an excessive compression. The normal fiertess than 0.1 N in all the tests. The outer
rim of the samples was then surrounded by a sabhgion during the experiment (Figure 2.5).
The bottom plate of the rheometer was brought ¢éobibdy temperature of 37°C and a cover was
placed to hermetically enclose the specimen angldtes.

Figure 2.5: Boundary conditions during the tests bysing the standard rheometer (Bohlin).

During the oscillatory tests, the shear stressuded from the oscillating moment imposed by
the upper plate of the rheometer and the shean stegpends on the rotation angle of this upper
plate. At the edge of the sample, the shear swmesksthe shear strain at small strains are
respectively given by:
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2M, .

— 0 A t+) _ t
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whereMp is the moment amplitud® the radius of the plate, the angular frequency,the phase
lag between strain and stress atiie time.

The complex shear modulus is calculated as follows:

. 2M .
— 1 "o __ 0
G ( )=G+iG"=""2(cos +isin )
0
whereG’ is the elastic component (the storage modulus)@hthe viscous component (the loss
modulus).

During the constant shear strain rate tests, thetaat strain rate imposed by the upper plate and
the measured moment at the sample edge are resbgcti

R _ R
=2 o M(t)= 2 r? (r,t)dr

Translational High Frequency Rheometer (THFR)

The samples were glued to the parallel plates efrtteometer using an octyl-cyanoacrylate
adhesive (Nexaband®). The shear cell was hermigticlalsed and a saline solution was injected
into compartments in order to maintain high hunyidithe test temperature was 37°C. The
prescribed translation was applied on one of tlaepl by piezoelectric oscillating transmitters,
while the resulting shear force was measured oncther plate by piezoelectric oscillating
receivers (Figure 2.6).

The imposed displacement was 5@nd led to a maximum strain in the order of therostrain.
The stress and the strain amplitudes are respbctieen by:

V, d,.V.

0~ Avd15S and gO = e

wheree is the sample thicknesSthe sample are&, the imposed input voltag¥s the measured
output voltageA, the charge amplifier gain amtls the shear piezoelectric constant. The phase lag
between strain and stress is also determined.

In the linear domain, the complex shear modulwetermined as follows:

G ( )=G+iG"=—2(cos +isin )

0
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Figure 2.6: Experimental set-up for determining thehigh frequency shear properties of soft tissues.

Test Protocols
Oscillatory Testing

Using the standard rotational rheometer (Bohlin GR/150), the storage and the loss mo@li
andG” were obtained as a function of frequency. By tgkimo account the linear viscoelastic
limit (0.2%) determined by Nasseri et al. for rehiaue [1] and Liu et al. for hepatic tissue [2],
the applied strain amplitude was fixed at 0.1% dfirtissue samples tested. The shear linear
properties of tissues were measured between OanHB or 4 Hz.

The maximum frequency was limited because of iaertiects. For each specimen, the frequency
range was swept up and down and several frequarannmg were carried out until the sample
response was stabilized. This preliminary stepsgeetial for accurate and repeatable mechanical
measurements. At each frequency, the dynamic meaduk derived from calculating the average
of moduli on ten periods. Hence, integration tinagied between 100 s (for 0.1 Hz) and 2.5 s (for
4 Hz). The diameter of tissue samples was l16mnilandhickness ranged from 1 mm to 4 mm.
The boundary conditions and the number of sampleiesi for one specific tissue are reported in
the Table 2.1.

Using the translational high frequency rheometee, dynamic moduli were determined over a
large frequency range at very small strains. Thektless of samples was less than 1 mm and,
then, the maximum strain was less than 5 microgréiy taking into account the maximum
displacement imposed to the sample (50

The upper limit of frequency depends on inertieee which can no longer be considered as
negligible beyond this limit. The dynamic moduli simples were determined as a function of
frequency which ranged from 10 kHz to 0.1 Hz. Twotlree tests were performed on each
specimen in order to check the repeatability of sneaments. At each specific frequency, the
mean moduli were calculated over one hundred camplgles and, then, integration time ranged
from 0.01 s (at 10 kHz) to 1000 s (at 0.1 Hz). €aBll shows the test matrix using the
translational high frequency rheometer.

Constant Strain Rate Testing

Using the standard rotational rheometer (Bohlin GR/150), tests were performed by subjecting
tissue samples to a constant shear rate loadirgydift-shaped specimens had a diameter of 16
mm and a thickness ranging from 1 mm to 5 mm apprately. They were glued to the plates of
the rheometer by using an octyl-cyanoacrylate adae@dNexaband®). This kind of adhesive
showed the best results to avoid the slip durirgrsrate tests.

AP-SP51-0042 8/34
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The mechanical properties of tissues were measatr@d1 &, 0.1 §' and 1 & up to 100% of
strain. Preconditioning experiments were carriedtowstabilize the hysteresis loop of the sample.
These tests consisted in loading the specimeneaspecific constant rate of strain up to 50% of
strain and then unloading immediately at the saomstant speed. After three or four succeeding
cycles, the stress response tended to a steady stat

Variations due to preconditioning are a well-knogammon feature of bio-viscoelastic materials

and are related to changes in the internal streattithe tissue. Therefore, by repeated cycling, a
steady state can be reached at which no furthergehaill occur [3] and the error of the data set

is minimized. The corresponding tests conditiomsraported in Table 2.1.

Table 2.1: Test matrix for the characterization ofporcine and human kidney, liver and spleen.

Number Of Th|CkneSS

Species Tissues Devices Tests
Samples [um]
THFR 14 276 — 722
Oscillatory o1 1015 —
Kidney ) 3570
Bohlin 1100
Strain Rate 4 1970
THFR 3 426 — 1020
Oscillatory 1050 —
Porcine Liver ) 10 1920
Bohlin 1300
Strain Rate 3 1650
THFR 1 813
Oscillatory 1425 —
Spleen ) > 4279
Bohlin 1425
Strain Rate 5 4279
. 1220 -
_ _ Oscillatory 9 1500
Kidney Bohlin 1300
Strain Rate 4 1380
. 1287 —
_ _ Oscillatory 6 1520
Human Liver Bohlin 1287
Strain Rate 3 1520
. 1330 —
| Oscillatory 6 4850
Spleen Bohlin 1504
Strain Rate 3 4850

AP-SP51-0042 9/34
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1.2 Results

Oscillatory Tests

Porcine Kidney

The average complex shear modulus of the porciheel with respect to the frequency is shown
in Figure 2.7. Taking into account the results oiad by using the translational high frequency
rheometer, the mean storage moduisncreases from 1600 Pa at 0.1 Hz to 4270 Pa at#00
while the mean loss modul(s” ranges from 260 Pa at 0.1 Hz to 2440 Pa at 400THe.
comparison between the data coming from the twomaters shows that the elastic components
(G’) are undistinguishable but the viscous componit$ are slightly different. This variation is
only related to the difference of the phase lagetween stress and strain. This phase is
approximately of 7° using the Bohlin instrument dxt using the high frequency device. In other
words, the renal tissue is considered as a litteenviscous using the high frequency rheometer
than using the other one.

Figure 2.7: Complex shear modulus of the porcine Kiney. At left side, mean dynamic moduli
obtained by using the standard rotational rheomete(Bohlin). At right side, mean dynamic moduli
measured by using the translational high frequencyheometer up to 400 Hz and compared to Bohlin
measurements.

Porcine Liver

Figure 2.8 illustrates the average complex sheatuhs of the porcine liver with respect to the
frequency. The mean dynamic moduli increase skghtth the frequency as the kidney ones do.
Measurements performed using the high frequencycdesan extend the knowledge of linear
mechanical properties up to 160 Hz. By comparisaitn wthe experiments on kidney, inertia
phenomena occurred earlier and did not allow terdahe the shear moduli up to 400 Hz.

The disparity observed between the results obtaigdg the two experimental devices is
probably due to the limited number of samples testeer the large frequency range. Indeed, the
high frequency data were obtained from specimensirgp from the same porcine liver and did
not take into account the potential inter-indivituariations.

AP-SP51-0042 10/34
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Figure 2.8: Complex shear modulus of the porcinever. At left side, mean dynamic moduli obtained
by using the standard rotational rheometer (Bohlin) At right side, mean dynamic moduli measured
by using the translational high frequency rheometeup to 400 Hz and compared to Bohlin
measurements.

Porcine Spleen
The components of the average complex shear mottolmsthe results of six tests on the porcine

spleen are plotted in Figure 2.9. The mechanicgpgnties were determined from 0.1 Hz to 3 Hz
using the rotational rheometer and compared toetinosasured from 0.1 Hz to 160 Hz using the
translational rheometer. The values of dynamic riadcrease with respect to the frequency. All

the specimens were removed from only one splergaroof the pig, which explains the slight

disparity of results.

Figure 2.9: Complex shear modulus of the porcine $pen. At left side, mean dynamic moduli
obtained by using the standard rotational rheometeBohlin). At right side, mean dynamic moduli
measured by using the translational high frequencyheometer up to 400 Hz and compared to Bohlin
measurements.

Comparison of linear viscoelastic behaviour of puedkidney, liver and spleen in shear

The comparison of the Bohlin results on renal, biepand splenic tissues shows that the linear
viscoelastic behaviour of different porcine tissigedependant in the same way on the frequency
but the kidney tissue is stiffer than the liver cared the splenic tissue is the most compliant

(Figure 2.10).
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Figure 2.10: Comparison of complex shear moduli gborcine tissues (kidney, liver and spleen).

Human Kidney

Using the rotational rheometer, the results ofstemt human kidney are compared to those
obtained for porcine kidney (Figure 2.11). The hartiasue seems to be more compliant than the
porcine one but it is important to note that thenan samples were removed from two-weeks
post-mortem subjects whereas the porcine samples fsesh. For this reason, no conclusion

should be obvious from these results and the Vanstin mechanical properties may most

probably be related to changes between fresh agendeated tissues. Indeed, this degeneration
effect is strongly suspected since fresh humamidsgended to be more rigid than the porcine
ones as it will be observed for liver and spleetheD tests are thus needed to verify this

assumption.

Figure 2.11: Complex shear modulus of human and pome kidney.
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Human Liver

Figure 2.12 illustrates the results obtained orshfréluman and porcine liver by using the
rotational rheometer. The frequency-dependenckeeotdmplex shear modulus of the human liver
is quite comparable to this of the porcine liver.dfference of the moduli magnitude can be
observed between human and porcine tissues anuuthan liver appears slightly more viscous

than the porcine one.

Figure 2.12: Complex shear modulus of human and pome liver.

Human Spleen
The dynamic moduli from tests on fresh human anrdipe spleen are plotted in Figure 2.13. The
linear mechanical behaviour of the human and perspieen was found remarkably similar.

Figure 2.13: Complex shear modulus of human and poime spleen.
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Comparison of linear viscoelastic behaviour of harkianey, liver and spleen in shear

As it was observed for the porcine tissues, thednhver is more rigid than the human spleen. In
contrast to the results on porcine tissues, theamukidney is found the most compliant tissue
(Figure 2.14). However, the conclusions from resolt the human tissues should be used with a
particular caution since two-weeks post-mortem &jgnare compared to fresh liver and spleen.

Figure 2.14: Comparison of complex shear moduli diuman tissues (kidney, liver and spleen).

Constant Shear Rate Tests
Porcine Kidney

The data from constant shear rate tests on reswldiof the pig are plotted in Figure 2.15. The
results exhibit a stiffening of the renal cortex thg strain and the strain rate increase. A
significant spread can be observed at each sheawtach is likely due to biological variations
since each specimen was removed from one diffé&ieney. The ultimate shear stress and strain
are reported in Table 2.2.

Figure 2.15: Stress — strain relationship for the prcine kidney at two different shear strain rates.
Two specimens were tested at each shear rate.

AP-SP51-0042 14/34
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Porcine Liver

Figure 2.16 shows results obtained on porcine hepasue from experiments at three constant
shear rate of strain. As it was observed for thelreortex, the stress — strain response of the
hepatic tissue depends on the strain and the staén More the strain and the loading rate
increase, more the tissue behaviour is stiff. Thienate shear stress and strain are reported in
Table 2.2.

Figure 2.16: Stress — strain relationship for the prcine liver at three different shear strain rates.
Only one sample was tested at each shear rate.

Porcine Spleen

The experimental results on porcine splenic tissam constant shear rate tests are shown in
Figure 2.17. As it was noted for the kidney and liier, the stress response of the spleen also
increases as the strain and the strain rate irer&ea on the spleen are less scattered than the
kidney ones because all the splenic specimens veeneved from the same organ. Thus, the
inter-individual variations can not be observedirthese results.

Figure 2.17: Stress — strain relationship for the prcine spleen at two different shear strain rates.
Two specimens were tested at each shear rate.
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Comparison of Stress Responses of Porcine Kidnegy bnd Spleen

The data from the experiments on porcine kidneserliand spleen at 0.01'sand 0.1 § are
plotted in Figure 2.18 for comparison. As it waseatly observed at the end of the linear tests, the
renal tissue is stiffer than the hepatic tissue #red splenic tissue is the most compliant. In
particular, the curve slope calculated between 20 50% of strain is approximately in a ratio
of 1 to 100 between the spleen and the kidneydt slaear rate.

Figure 2.18: Comparison of stress — strain curvef the porcine kidney, liver and spleen at 0.01°s
(Left) and 0.1 s (Right).

Human Kidney

Figure 2.19 show the stress — strain relationsbipttie human kidney at two different loading
rates. The samples were extracted from two-week-rpostem subjects and the mechanical
properties of the tissue were not likely quite $amto those of fresh organs. However, the results
reveal an underlying dependence of the stress mespon the shear rate loading. For these
experiments, the samples were removed from the sagas, which explains that the dispersion
of data is slight at each strain rate.

Figure 2.19: Stress — strain relationship for the man kidney at two different shear strain rates.
Two specimens were tested at each shear rate.

AP-SP51-0042 16/34



Material Properties of Soft Tissues: Experimental Dat a
AP-SP51-0042

Human Liver
The stress — strain response of the human livemfordifferent strain rates is illustrated in Figur
2.20. The ultimate shear stress and strain aretezpm Table 2.2.

Figure 2.20: Stress — strain relationship for the iman liver at two different shear strain rates. Two
samples were tested at 0.01'sind one sample was tested at 0.1.s

Human Spleen
Figure 2.21 shows plots of the shear stress vardstmin for two different strain rate loadings.
The ultimate shear stress and strain are repartédble 2.2.

Figure 2.21: Stress — strain relationship for the iman spleen at two different shear strain rates. Tw
samples were tested at 0.01'sind one sample was tested at 0.1.s

Comparison of Stress Responses of Human Kidnerlauad Spleen

The stress — strain responses of the human kidimey,and spleen are plotted in Figure 2.22. The
results on hepatic and splenic tissues of humarfiroonvhat it was observed for the porcine
tissues. The liver is stiffer than the spleen. Hasveno conclusion should be deduced from the
comparison between the data on kidney and thosathaer tissues since the extracted liver and
spleen were fresh whereas the kidney was not.
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Figure 2.22: Comparison of stress — strain curve®f the human kidney, liver and spleen at 0.017s
(Left) and 0.1 s' (Right).

Human Tissues Compared to Porcine Tissues

From Figure 2.23 to Figure 2.25, the nonlinear oesps of human and porcine tissues are
compared for different constant strain rate loaslirigxcept for the kidney material - the human

kidneys were probably degenerated because of tige post-mortem time before testing -, the

human tissues are stiffer than the porcine onafedd, the sudden stiffening occurs at 40% of
strain for human liver and spleen while it only ocfor strains beyond 40% for porcine ones and
the ultimate stress of the human liver is highantkhe one of porcine liver. This result indicates
that the human tissues can sustain more stressheagorcine ones.

Figure 2.23: Comparison of stress — strain curve®f the human and porcine kidney at 0.01°5(Left)
and 0.1 §' (Right).
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Figure 2.24: Comparison of stress — strain curve®f the human and porcine liver at 0.01 3 (Left)
and 0.1 §' (Right).

Figure 2.25: Comparison of stress — strain curve®f the human and porcine spleen at 0.01'qLeft)
and 0.1 § (Right).

Table 2.2: Ultimate shear strain and stress of theuman and porcine tissues at different constant
strain rate loadings. Bold numbers represent the Vaes of the ultimate strain and the corresponding
ultimate stress for the minima curve when severalanples were tested at one given shear rate.

0.01s™ 0.1s”
Porcine Strain [%] Stress [kPa]  Strain [%]  Stress [kPa]
Kidney 78 - 84.5 26.7 - 16 85-91 32.5-22
Liver 111 ° re;\cl:?lted rez:lc%ted
Spleen Not Not Not Not
reached reached reached reached
Human Strain [%] Stress [kPa]  Strain [%]  Stress [kPa]
Kidney Not Not Not Not
reached reached reached reached
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Liver 98 - 95 18 —23.7 98.5 27.5

Spleen 77-9.7 7-72 99 18

Material Characterization of human planar softuEss

1.3 Materials and Methods

Sample Origin and Location

A rectangular skin piece was removed from the feaehof an 85-year-old male PMHS. Four I-
shaped samples of skin were cut along the transwrsction using a scalpel (Figure 3.1).

After removing, samples were kept in a physiologsedine solution at 4°C.

Before testing:

- The initial width (p) and thicknesse] of each sample were measured using a calliper,
- Each sample was attached in specific clamp ma8eretallic rods,

- Each sample was covered by a random patterraoklalots.

- The initial length I(o) was measured on the zoomed view.

RHDO02 RHDO4

\ / Cranial direction
Transverse
—>  direction
30 mm / Caudal direction
RHDO1 RHDO03

Figure 3.1: Sampling of skin tissue from foreheadkén piece

Aorta:

Four aorta samples were removed from the abdoramkhoracic aorta of an 87-year old female
PMHS as presented on Figure 3.2. After openingvidssel parts at their mid-diameter level, I-

shaped samples were cut using a scalpel and a Slameter punch. For one sample (RADOQ5),

the media shown some plaques and was unstuck fieradventice, thus this sample was taken
off from the adventice only.

After removing, samples were kept in a physiologsedine solution at 4°C.

Before testing (Figure 3.3):

- The initial width (p) and thicknesseg] of each sample were measured using a calliper,
- Each sample was attached in specific clamp mé&8areetallic rods,

- Each sample was covered by a random patterraok laots.

- The initial length I(p) was measured on the zoomed view.
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Superior direction

RADO4
20mm ~ T 577
Superior direction
RADO3
'~
< . e e = -
~
~
~
P RADO5
_ g (adventice only)
Pl
RADO02
20 mm
Inferior direction Inferior direction

a)

Figure 3.2: Sampling of aorta tissue from a) thoraic aorta, b) abdominal aorta

Sample RAD0O4

Figure 3.3: Aorta tissue sample before testing
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Test set-up
Tensile device:
The tensile device (Figure 3.4) is divided in twartp: a main trolley, to which the upper clamp

(UC) is attached and a secondary trolley to whiah lower clamp (LC) is attached. Thus, the
main trolley and the secondary one are linked lysdmmple.

During the test, all the system falls down, untie tmain trolley is stopped by a honeycomb
structure. At this time the secondary trolley coués its fall, loading the sample until failure.

Tests on skin sample were performed with an initedbcity of Vo = 3 m/s and a weight of the
secondary trolley, = 1.8 kg.

For aorta tissué/y = 3 m/s andVlp = 1 kg, which was the minimal possible weight.
For both skin and aorta samples, the strain rate ke order of 100’s

Measurements:

Conventional measurements were:

- the both clamps’ vertical acceleration (ENTRAISQZ)),
- the clamp-to-clamp distance (LVDT transducer),

- the tensile force (TME, 100 daN).

Displacement and strain fields were measured ats#imeple surface by an Image Correlation
Method (ICM) using ICASOFT software [5] [6]. Foraha zoom view of the sample during test
was recorded at 1000 frame/s. A large view was r@sorded at the same velocity.

ICM were not performed for samples RADO3 and RADd%e to the random patterns which were
not enough contrasted. On sample RADO2, the ICM pexr$ormed on the adventice surface
(external surface of the aorta tissue). For sa®R#A®05, the ICM was performed on the media
surface (internal surface of the aorta tissue).

/ Accelerometer
/////// Displacement
transducer
Sample
/ Load cell

Main trolley / //////

Accelerometer
Secondary trolley

Honeycomb

Figure 3.4: Tensile device for dynamic test on plar soft tissues
(Test device shown with a silicon sample)
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1.4 Results and discussion

Skin failure characteristics

Data are available only for 3 samples. Typical tlmstories of conventional measurements on
these skin samples are shown on Figure 3.5.

RHDO02
Human frontal skin tissue
PMHS M85

100
Free fall . Loading | Failure

Gg 001

-100 ~

-200 1

-300 A

-400 A

-500 1 -o- UC acceleration (m/s?) Q

-5 LC load (N)
& Global sample elongation (0.1mm)

-600
Time (s)

Figure 3.5: Time histories of conventional measureants for human skin sample RHD02

The Green-Lagrange longitudinal strains recordedsémples RHDO2 are illustrated on Figure
3.6. From 6 ms, the local strains field becomesenm@terogeneous. From 8 ms, high local strains
are located in the failure area. The mean longiaidstrain before failure is 12.2% and the highest
strain local value on the failure area before failis 22%.

Green—Lagrange longitudinal strain (%) RHDO02
Human frontal skin tissue

PMHS M85
Free fall Loading Failure

Figure 3.6: Distribution of green-Lagrange longitudnal strain for human skin sample RHD02
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Stress — strain curve for RHDO2 is illustrated oguFe 3.7. The mean local strains measured by
ICM are compared to the global longitudinal streaamputed from LVDT measurement.

RHDO02

Human frontal skin tissue
PMHS M85

3

LVDT

I Y +/-
25 | 0 ICM( —e— +/- SD)

Stress (MPa)
'_\
Ul

T T X T

-2 3 8 13 18 23
Green-Lagrange longitudinal strain (%)

Figure 3.7: Stress — strain curves for a) sample R202,
with comparison of ICM and LVDT strain values,

For the skin, the mean ultimate stress observeith®tested 3 samples was 3.5 MPa (n = 3).
The ultimate global longitudinal strain was equal9t5% 1.9% (n = 3) and the ultimate local
longitudinal strain was equal to 24.6%.3% (n = 3).

Aorta tissue failure characteristics
Time histories of conventional measurements oracaé shown on Figure 3.8.

The Green-Lagrange longitudinal strains recordedsémples RADO2 and RADO4 are illustrated
on Figure 3.9. The distribution of these longitwistrains is illustrated for each time on Figure
3.10.

From 6 ms, the local strains field becomes morerbgeneous. From 9 ms, high local strains are
located in the failure area.

For sample RADO2, for which the ICM is performedtbe adventice surface, the distribution of
the longitudinal strain (mean value and standaxdladien) is increasing in a continuous way up to
the appearance of high strains. Failure is obsefroed 9 ms.

The mean longitudinal strain before failure is ¥4.@nd the highest strain local value on the
failure area, before failure, is between 38.5 % ahd%

For sample RADO04, for which the ICM is performedtbe media surface, the distribution of the
longitudinal strain shows a slight bend from 7 Failure is observed from 9 ms. The image after
(t = 10 ms), the recorded longitudinal strainslaveer, due to a relaxation of the sample.

The mean longitudinal strain before failure is 8%4nd the highest strain local value on the
failure area before failure is between 29.6 % ah@%.

AP-SP51-0042 24/34



Material Properties of Soft Tissues: Experimental Dat  a
AP-SP51-0042

RADO2
Human thoracic aorta tissue
PMHS F87
700
LC acceleration (m/s?)
LC load (N)
= = Global sample elongation (- 0.1 mm)
500 -
1. _
300 4 , Failure (t=10ms)
— -
100
M
‘{,ﬂ\ T 1 J — ‘\_0‘/_\0'
0.002 0.004 0.006 ~Q.008 0.1 012 0.014 0.016 018 02
~
-100 ~N !
™~ ~
i_:Iash light 1
9 X ~
1 ~N
~
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Reference time ~
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~
~
~
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Time (s)
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RADO3
Human thoracic aorta tissue
PMHS F87
700
LC accelaration (m/s?)
LC load (N)
= = Global sample elongation (- 0.1mm)
500 A
1 . _
300 I FailureXt = 7ms)
100 A
—_— N o ' '
0.002 0.004 0.006 | wosi\ 0.01 0.012 0.014 0.011 - 0.02
-100 - : ~
o ~
lash ligh 1 ~
1
I ~N
~N
-300 - ICM ) ~
Reference time ~
(t=3ms) ~ ~
~
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-500
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RADO04
Human abdominal aorta tissue
PMHS F87
700
LC acceleration (m/s?)
LC load (N)
= == Global sample elongation (- 0.1mm)
500 A
| _
300 1 | Failure (t = 10ms)
100 A
/Jl\ J—
i —T . i —
0.002 0.004 0.006 "9.00.8\ 0.p1 0.012 0.014 0.016 — 0.0I8 0.02
-100 A N
ﬁ 'S
lash light | ~
1 ~
1 ~
~
-300 IC™M ~
Reference time ~
(t=3ms) ~
~
\ -
-500
Time (s)
c)
RADO5
Human abdominal aorta adventice
PMHS F87
700
LC acceleration (m/s?)
LC load (N)
= == Global sample elongation (0.1mm)
500
e -
300 - | Failure (t = 10ms)""
100 -
. A_'/‘:\ .
S
0.002 |[0.004 0.006 07708\ 0.p1 0.012 0.014 0.016 0.018 0.p2
-100 ~
e RN
lash ligh 1
g X ~
1 ~
~
-300 A ICM ~
Reference time ~
(t=3ms) ~
~
~
-500
Time (s)

d)
Figure 3.8: Time histories of conventional measureants for human aorta tissue a) sample RADO2,
b) sample RADO3, c) sample RADO04, d) sample RADO&dventice only)
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b)

Figure 3.9: Distribution of green-Lagrange longitudnal strain for human aorta tissue a) sample RADOZrandom pattern on adventice), b) sample
RADO4 (random pattern on media)
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RADO02
Human thoracic aorta tissue
PMHS F87
80 -
x Failure time
70 1 O Mean values +- 1 standard deviation (t=9ms)
O Min. values
60 -
<O Max. values X
< 50+ ©
£
© X Max. values on non-failed area
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S 30
5
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Reference time O
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l (o] o
-20 T T T T T T T T T .
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a)
RADO04
Human abdominal aorta tissue
PMHS F87
70 ~
60 - O Mean values +- 1 standard deviation X
50 4 O Min. values
S 401 <© Max. values >
£
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Figure 3.10: Mean, min, max and standard deviatiowalues of the Green-Lagrange
longitudinal strain for human aorta tissue a) sampé RADO2 (random pattern on
adventice), b) sample RAD04 (random pattern on med)
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Stress — strain curves are illustrated on Figuitd.3For samples RADO2 and RADO4, the
mean local strains measured by ICM are compardaetglobal longitudinal strain computed
from LVDT measurement.

The ultimate strains and stress for the 4 sampkeswammarized in the Table 3.1. Due to the
low value of the measured ultimate stress compaoethe preloading induced by the
secondary trolley madd,, the ultimate stress values were put up by tresstdue to preload.
The initial strains due to preloading were not assd.

The strains measured by ICM and from LVDT (for sespRADO02 and RADO4) are well
correlated. For sample RADO2 (ICM performed on #uwentice surface), the ICM strain
values follows the strain measured from LVDT upfddure. This is not the case for the
sample RADO4 where ICM is performed on the medréase.

According to the various failure characteristicstioa 4 tested samples, we can observe that:
- media shows a lower global ultimate strain (7.4%; R) than adventice (16.9%
1.4%, n = 3),
- media shows a lower local ultimate strain (arou®63- 40%) than adventice
(around 40% - 50%),
- complete aorta tissue shows an ultimate tensiésstof 1.0 0.2 MPa, n = 3 (put up

by preload),
- adventice shows a higher ultimate tensile stres®.8fMPa, n = 1 (put up by
preload).
Table 3.1: Failure characteristics for human aortatissue samples
RAD 02 RADO3 RADO4 RADO5
(ICM on (No ICM) (ICM on media) (Adventice only, no
adventice) ICM)
Global failure 17.6 % 8.36 % °
strain by ICM
Global failure 20.62 % * 6.38 % ° 15.31 % * 179 % *
strain from
LVDT
Local failure [38.5 % - 51.7 [29.6 % - 39.2
strain by ICM %] %]
Ultimate stress 0.72 MPa 0.43 MPa 0.78 MPa 3.9 MPa
Ultimate stress 1 MPa M 0.7 MpPa " 1.2 MPa M 5.8 MPa
put up by
preload

* mean + standard deviation = 16.9% + 1.4% (n = 3)

°mean = 7.4% (n = 2)

" mean + standard deviation = 1.0 + 0.2 MPa (n = 3)
value =5.8 MPa (n =1)
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RADO4
Human abdominal aorta tissue
PMHS F87
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LVDT
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—a— Human thoracic aorta tissue (RAD02)
—e— Human thoracic aorta tissue (RAD03)

41 —— Human abdominal aorta tissue (RAD04)

—— Human abdominal aorta adventice (RADO5)

Stress (MPa)

Mean lagrange longitudinal strain (%)

e)

Figure 3.11: Stress — strain curves for a) sampleAD02, with comparison of ICM and LVDT
strain values, b) sample RADO3, c) sample RADO4, thicomparison of ICM and LVDT strain
values, d) sample RADO5, e) all samples
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Conclusion

The linear and the nonlinear properties of full anthal organs were determined over a large
frequency range and a large strain range respgcfmehuman and pig. At small strains, the
viscoelastic behaviour of tissues was characteniaegrms of the complex shear modulus.
The reliability of data was checked by conductixgeziments using two rheometers. The
results show that the kidney is the stiffest tisané the spleen the most compliant. This
conclusion is corroborated by the nonlinear tedtdiierent constant shear strain rate
loadings. By comparing the results on fresh por@nd human tissues, the human organs
appear stiffer than the porcine ones. This lastlksion should be interpreted as a tendency
more than an absolute result because of intrinfierences (age, sex, constitution) between
the pigs and the human subjects.

Concerning soft planar tissue, a tensile test nietlvas developed and applied to
human skin as preliminary tests and to 4 sampldsunfan aorta. For the skin, the ultimate
stress was & 1.5 MPa (n = 3). The ultimate global longitudinstrain was equal to
9.5% 1.9% (n = 3) and the ultimate local longitudinbs was equal to 24.026.3% (n =
3). These results have been published in [4]. Tdmaestests have been performed on 4
samples of human aorta tissue taken from one sufijee failure of media is observed first.
We estimated the global ultimate tensile strai? @ (n = 2) for aorta tissue and 16.9%
1.4% (n = 3) for adventice. We estimated the ultertansile stress to 1#0.2 MPa for aorta
tissue (n = 3) and 5.8 MPa (n =1) for adventicemiist be noticed that these values of
ultimate properties for skin and aorta samples heaen obtained on few samples taken from
old subjects.
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