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Mechanical behavior measurement of the sheep small intestine
using experimental tests
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Abstract:

BACKGROUND: There is no consistent data on the mechani-
cal properties of sheep intestine. OBJECTIVES: We performed a
series of biaxial strain measurement experiments and extracted
the constitutive model to describe the mechanical characteris-
tics of the sheep intestinal tissue. METHODS: Eleven specimens
were obtained freshly from sacrificed sheep and the planar bi-
axial tests were performed on the tissue specimens by applying
simultaneous loads along the circumfer-ential and longitudinal
directions. Then the measured data were fitted into the aniso-
tropic four-parameter Fung-type model and also to the modi-
fied Mooney-Rivlin model. RESULTS: The specimens showed
some degree of anisotropy; the stiffer direction is not gener-ally
predictable. Some of the specimens were stiffer in the circum-
ferential direction, and the others in the longitudinal direction.
However, the average results state the circumferential di-rec-
tion as the stiffer orientation. CONCLUSIONS: It can be con-
cluded that sheep intestine be-haves normally as a nonlinear
anisotropic tissue which is well-characterized by the modified

Mooney-Rivlin model.

Introduction

From the anatomical view, the small intes-
tine consists of three adjacent segments; duo-
denum, jejunum and ileum. The wall of these
segments has a multi-layered structure; the
four layers are asserosa, muscolaris, submu-
cosa and mucosa. The mechanical p roperties
of the small intestine are mainly dominated by
the submucosa and the muscular layers, while
the other layers contribution is negligible
(Egorov et al., 2002).

To estimate intestine mechanical proper-
ties, researchers performed uniaxial tensile
tests on human intestine and proposed that the
mechanical properties of intestine in axial and
transversal directions are different (Egorov et
al., 2002). The inflation tests have also been
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applied to porcine intestine (Slatkin, 1999),
human duodenum (Frekjaer et al., 2006) and
pig small intestine (Liao et al., 2010). Al-
though the uniaxial tensile test data were pre-
sented comprehensively, they are inadequate
to determine the mechanical properties, such
as nonlinear and anisotropic responses. More-
over, the inflation tests lack the adaptability
of a planar test in addition to the fact that the
sample sizes in these tests are dependent on
the pressure and size of the nozzle (Chong et
al., 2005). Meanwhile biaxial planar test is
a proper alternative for approaching a better
view on the mechanics of soft tissues. De-
spite the fact that the researchers performed
planar biaxial tensile tests on porcine duode-
num, jejunum, and ileum and used anisotropic
four-parameter Fung-type model and isotro-
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pic models in the Neo-Hookean and Mooney-
Rivlin forms to describe them (Bellini et al.,
2011), there is still a need for an anisotropic
model of intestine for a reliable FE analysis in
a standard software package. To the authors’
knowledge, the anisotropic Fung-type model
cannot be used in so many FE packages (e.g. a
FSI procedure in a commercial finite-element
package named ADINA).

Since the sheep intestine acts similar to hu-
man intestine in some diseases (Munday et al.,
2006) the goal of this study was to develop an
anisotropic constitutive model for the small
intestine wall of sheep. By this aim, planar
biaxial tests were performed on specimens by
loadings applied along the circumferential and
longitudinal directions. Then the data of the
experimental tests were modeled by the aniso-
tropic four-parameter Fung-type model and the
anisotropic modified Mooney- Rivlin Model.

Materials and Methods

Sample preparation: Eleven intestine sam-
ples extracted from 6 healthy sheep were used
in this study. All the sheep were in the range
of 2-4 years old. Tissues were cleaned and
stored in physiological 0.9% saline. Tests were
completed within 8 hours after extraction. The
specimen thicknesses were measured with a
micrometer. Deviation of thickness was neg-
ligible, so average thickness was used in for-
mulations. The specimens were cut along the
longitudinal axis and shaped into squares of 18
mm sides which suits our biaxial test require-
ments.

Biaxial mechanical characterization: A
planar biaxial test device with strain measure-
ment capability was utilized to obtain stress/
strain correlation along the longitudinal and
circumferential axes of the specimens (Figure
1). In order to preserve the mechanical prop-
erties, samples were kept wet at temperature
of 37°C by use of a temperature controlled
water bath. The clamps of the system were
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able to directly hold samples with dimensions
>15x15 mm2 without damaging the tissue. Af-
ter placement of the specimens on the device,
they were preloaded with 0.01 N loading along
both axes in order to obtain meaningful mea-
surements. The loadings were applied with the
rate of 0.02 mm/s through four microstepper
motors in both

directions and the tensile forces were mea-
sured by two UMAA 2 kgf load cells. For
the purpose of deformation measurement of
the tissue, a USB digital microscope camera
was used (300X zoom, 30 Hz and resolution
of 480%x640). The data of digital microscope
camera were processed with

Imagel package to obtain stretch in each di-
rection. Due to small dimensions of samples
there was no way to use ink markers in stretch
(displacement) measurement. Initial distance
between the ends of each clamp was consid-
ered as the reference measure of sample length
in both directions.

The stress-strain curve for each specimen
was obtained in two axes (the (11) correspond-
ing to the circumferential direction and the
(22) to the longitudinal direction). The experi-
mental stresses for the samples were computed
as follows:

(1) o, ==A(F /L)

(2) o,™=A(F,/11)

where A, and A, are the stretch ratios, F, and
F, are the forces measured by the load cells, t
is the thickness of the samples, and 11 and 12
are the unloaded widths of the samples in the
two directions.

Constitutive model: In this study, small in-
testine was modeled as an incompressible, ho-
mogeneous and hyperelastic material. These
assumptions confirm the existence of a strain
energy function W which is the criterion for
the stored energy in the materials as a result
of the deformation. By use of the strain energy
function, the stresses can be computed from
the strains as follows (Sun et al., 2003; Hum-
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phrey et al.,1990; Humphrey et al.,1990):
(3)S,;=PC+2(ow/oC, =PC+w/eE)) (1j=1.2,3)

(4) C,=F,"F,

(5) E=(172)(C; L)

where S, is the second Piola-Kirchhoff
stress tensor, p is the Lagrange multiplier in-
troduced to enforce incompressibility, C, is
the right Cauchy-Green deformation tensor,
Ejj is the Green-Lagrange strain tensor, lij is
the identity unit tensor and F, is the deforma-
tion gradient tensor which can be described as
F= 0x/0x’ in which x’ and x are the position
of material point in the reference and current
configuration, respectively.

The Cauchy stress tensor cij is calculat-
ed as follows:

(6) 0, =PI+2F (ow/oC,)F ijT=PI+Fij(3w/ aEij)FijT

According to the strain energy function and
investigating the hyperelastic models (Fung et
al.,1979; Holzapfel et al., 200; Holzapfel et
al.,1996; Holzapfel et al., 2004; Holzapfel et
al., 2005) two appropriate constitutive models
were chosen to express the mechanical proper-
ties of the intestine, as these models have been
used previously for other soft tissues.

The first model utilized was a Fung-type
model (Fung, 1991) which is able to describe
the anisotropic behavior of tissue. In the Fung
model, the strain energy density is given by:

(7) W(Q)=0.5¢(e-1)

where Q(E)= E *+ E *2 E E ,and c,
al, a2 and a3 are constitutive parameters.

The Cauchy stress components in the two
directions were then calculated as follows:

(8) o,={0.5¢A[a (A >-1)+a,(A>-1)]*-
exp((1/4)[a, (A >-1)+a (A '-1)*+2a (A >-1) (A}-
Dl

(9) 0,,={0.5¢c)[a,(A,>-1)+a (A >-1)]*exp((1/4)
[a, (A -1)Fa, (A1) +2a,(A - 1)(A,>-1)]}

The second model was the modified
Mooney-Rivlin model which shows aniso-
tropic behavior of the tissues and can also be
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implemented into many standard FE packages.
The strain energy density

Function of this model is given by:

(10) W=C (I,-3)*D [exp(D,(I,-3))-1]+(k /2k,)
[explk,(I,- 1 1]]

where I =A*+A*+(AA,)? and [=C,(n)(n)
» 1 is the circumferential direction of the tis-
sue and ¢, D, D,, k, and k, are the model pa-
rameters (Holzapfel et al., 2004; Bathe, 1996;
Bathe, 2007).

According to the strain energy function,
Cauchy stresses in the two axes are as fol-
lows:

(11) o, =CMA-A)(C+D *D, *exp(A *+ A+
Az2-3)) 2%k * A 2(M -1)exp(k2(A,2-1)%))

(12) 6,,=20 -1 )C +D *D, *exp(A, 1.+ A>-3)))
Experimental data then were fitted to Cau-
chy stress of each model by using genetic al-
gorithms and the parameters of constitutive
models were obtained for each data set.

Then the anisotropy is calculated by us-
ing the Fung model parameters as follows:
(13) Anisotropy=min[(a,+a,)/(a,*a,), (a,1a,)/(a +a,)]

Statistical analysis: The results of the ex-
perimental tests were presented as average =+
SD. The two-tailed paired t-test was used to
compare collagen fibre orientation along the
axes. Significance was set at p<0.05.

Results

After the specimens are placed in the biax-
ial device, a minimal force has to be applied
to obtain a perfectly planar position. So pre-
load of 0.01 N was applied along both axes
to record meaningful measurements. Since it
was not possible to protect the samples from
dehydration, some specimens did not provide
any acceptable data for us to report. It should
be carefully noted that in the calculation of
stresses from force data, the average thick-
nesses for every sample are used. Naturally,
this assumption may lead to additional error
sources in the estimation of the constitutive
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Figure 2. Stress-stretch data for sheep intestine fitted to the modified Mooney-Rivlin model. The left hand plots (a) show the stress-
es and stretches in the circumferential (11) direction while the right hand plots (b) show the stresses and stretches in the longitudinal
(22) direction. Fitted modified Mooney-Rivlin models (solid lines) were superimposed over the raw data.
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Figure 3. Stress-stretch curves obtained from the modified Mooney-Rivlin constants in circumferential (a) and axial (b) direc-tions
(Al =22=21).

parameters. Average thickness of specimens
was considered 0.7 mm. The plausible spec-
imens exhibited stress-stretch curves which
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were derived from the Egs. (1) and (2) which
state that the experimental data were well-fit-
ted to the Fung and modified Mooney-Rivlin
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Table 1. Parameters for the two constitutive models.
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Fung
c(MPa) al a2 a3 Anisotropy rms(MPa)

intestine-1 0.085 0.686 1.67 0.054 0.43 0.084
intestine-2 0.061 1.36 2.095 0.032 0.65 0.069
intestine-3 0.429 2.543 0.269 0.03 0.12 0.047
intestine-4 0.083 1.88 1.94 0.053 0.96 0.116
intestine-5 0.828 1.94 0.605 0.028 0.32 0.093
intestine-6 0.085 2.63 3.31 0.014 0.79 0.049
intestine-7 0.432 0.915 0.524 0.03 0.59 0.093
intestine-8 0.453 2.467 0.639 0.43 0.37 0.170
intestine-9 1.549 1.19 0.25 0.0076 0.22 0.082
intestine-10 0.644 1.897 0.126 0.027 0.08 0.019
intestine-11 0.812 0.815 0.804 0.05 0.98 0.112

Average 0.295 2.175 0.396 0.313 0.29 0.020

Modified Mooney-Rivlin

cl (MPa) D1 (MPa) D2 k1 (MPa) k2 rms(MPa)

intestine-1 -0.096 0.116 0.61 -0.099 1.3 0.066
intestine-2 -0.01 0.019 1.099 -0.01 1.02 0.088
intestine-3 -0.001 0.0595 0.6 0.33 0.52 0.015
intestine-4 -0.090 0.0422 0.99 0.014 0.3 0.049
intestine-5 0.001 0.2 0.64 0.22 0.97 0.079
intestine-6 -0.05 0.035 1.33 -0.016 1.2 0.03
intestine-7 -0.002 0.093 0.62 0.042 0.43 0.094
intestine-8 0.002 0.964 0.28 0.48 2.02 0.044
intestine-9 -0.07 0.241 0.54 0.49 0.07 0.032
intestine-10 0.008 0.042 0.57 0.27 1.06 0.017
intestine-11 -0.06 0.348 0.54 0.02 0.21 0.047

Average 0.0048 0.049 0.786 0.13 1.92 0.015

constitutive equations. According to calculat-
ed RMS error (Tablel), the modified Mooney-
Rivlin model approximately provides the best
qualitative fit to the data. Figure 2 shows the
stretch-stress curves obtained from the biaxi-
al mechanical testing of all specimens in the
circumferential (2-a) and in the axial (2-b)
directions that were fitted to the constitutive
modified Mooney-Rivlin model. It cannot
be stated that the circumferential direction is
consistently the stiffer (or less stiff) direction.
But on average, the specimens act stiffer in the
circumferential direction rather than the axial
direction. Simultaneous loading in these two
orthogonal directions also allowed us to con-
clude that the mechanical response in one di-
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rection is influenced by the characteristics in
the other direction.

Detailed information on average model co-
efficients and anisotropy values are provided
in Table 1. By using these material constants,
stretch-stress curves were extracted and plot-
ted in Figure 3. The mean biaxial stretch-stress
curve for intestine was also obtained from the
average modified Mooney-Rivlin

constants mentioned in Table 1 and plotted
in Figure 3 as well.

Discussion

This study provides a complete set of exper-
imental planar biaxial data for sheep intestine
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fitted to the Fung-type anisotropic model and
the modified Mooney-Rivlin constitutive mod-
el to describe its mechanical characteristics.

The nonlinear thick-walled tubular theory
(modified Mooney-Rivlin model) which could
be used for FE analysis developed in this ar-
ticle, seems to be a realistic starting point in
the simulation of intestine. These constitutive
models demonstrated mechanical anisotropy
and nonlinearity of the tissues and the data
(Table 1) present some degree of anisotropy
for intestine wall. Stiffer behavior in the lon-
gitudinal direction was mentioned in previous
research from uniaxial tensile tests as well
(Chong et al.,2005). Inflation tests on porcine
small bowel (Hoeg et al.,2000) also showed
stiffer characteristics in the circumferential
direction. Indeed, it cannot be stated that the
longitudinal direction is consistently the stift-
er (or less stiff) direction. But on average, the
specimens act stiffer in the circumferential di-
rection rather than the axial direction. Overall
variability in the direction of relative stiffness
is in agreement with previous findings (Bel-
lini et al., 2011; Terry et al., 2010). In Fung
model the elevated values of parameter al than
a2 (Tables 1) may be imparted by a preferred
collagen fibre orientation along the circum-
ferential axis, as certified for the extracellular
matrix component of intestine tissue (Sokolis
et all,2012).

All of the models presented in this study are
nonlinear and anisotropic; in particular, the
modified Mooney-Rivlin model is an aniso-
tropic model which can be used for numerical
analysis. Although the two models considered
in this paper are phenomenological, they may
be helpful as a research reference, offering
good descriptive capability.

Conclusion: In this study the mechanical
properties of sheep intestine have been de-
termined by using biaxial mechanical device.
The obtained stretch-stress curves from the
experimental data were fitted to the four-pa-
rameter Fung-type model as well as the modi-
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fied Mooney-Rivlin model, and the anisotropy
values of the samples were calculated by the
constitutive parameters. The samples showed
some degree of the anisotropy. The curves, on
average, also showed stiffer behavior in the
circumferential direction than the longitudinal
direction. To conclude, this paper can be the
best reference for the mechanical investiga-
tions of sheep intestine tissue.
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