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Purpose: The Mechanical properties of the ureteral wall may be altered by certain diseases
such as megaureter. Ureter compliance and wall tension alterations can occur, leading to
some abnormalities such as reflex mechanisms. Familiarizing with the mechanical properties

of the ureter can help us advance in the understanding of urinary tract diseases.

Materials and Methods: A constitutive model that can predict the mechanical response of
ureteral tissue under complex mechanical loading is required. Parameters characterizing the
mechanical behaviour of the material were estimated from planar biaxial test data, where hu-
man ureter specimens were simultaneously loaded along the longitudinal and circumferential

directions.

Results: The biaxial stress-stretch curve was plotted and fitted to a hyperelastic four-param-
eter Fung type model and five-parameter Mooney-Rivlin model. The average strength in the
longitudinal direction was 3.48 + 0.47 MPa and 2.31 £ 0.46 MPa (P < .05) for the circum-
ferential direction.In the Fung model the value of parameter a, (0.699 + 0.17) was higher than
a, (0.279 £ 0.07), which may be due to the collagen fiber orientation’s preference along the

longitudinal axis.

Conclusion: According to this study, it seems that ureter tissue is stiffer in the longitudinal
than in the circumferential direction and maybe the collagen fiber are along the axial axes.

Also the specimens showed some degree of anisotropy.

Keywords: biomechanical phenomena; computer simulation; elasticity; ureter; physiology;

models; biological; peristalsis; stress; mechanical.
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INTRODUCTION

reters are tubes that are made up of smooth mus-

cle fibres, and their function is to transfer urine

from the kidneys to the bladder.”) In the adult,
the ureter is usually 25-30 cm long and about 3-4 mm in
diameter.>¥ Histologically, the ureter contains the muscle
cover that causes the transmission of urine from the kidney
to the bladder and alters its flexibility. Megaureter is one
of the most important abnormalities of the upper urinary
tract,®” which is classified by some urologists into those
attributable to: reflux, obstruction, unrelated to reflux and
unrelated to obstruction. A quantitative analysis character-
izing peristaltic flow will further expand our knowledge of
the ureter and also assist in the design of flow-aided de-
vices to correct some abnormalities. The anatomical com-
plexity of the ureter has considerable clinical importance,
therefore, models that contain mechanical properties of the
ureteral wall with actual modelling of peristaltic flow can
yield applied results with accurate interpretations. Hence, a
constitutive model that can reliably predict the mechanical
behaviour of the ureteral tissue is necessary.
Notwithstanding the physiological and clinical relationship
of ureteral elasticity, insufficient data is available about the
mechanical behaviour of ureteral wall. Among the few stud-
ies, Yin and Fung performed uniaxial tensile tests on ureter
from a variety of mammals and human foetus. Important
findings were that ureters exhibit an anisotropic, nonlinear
and pseudo-elastic behaviour over finite strain, and that their
behaviour differs with the region under strain.'”’ Sokolis in-
vestigated the biaxial properties of rabbit ureter by applying
internal pressure through inflation and used the four-param-
eter Fung-type SEF model to describe them.!V Although the
uniaxial tensile test data were presented comprehensively
they were not sufficient to determine mechanical properties
like nonlinear and anisotropic responses. Moreover, the in-
flation tests lacked the adaptability of a planar test, in ad-
dition to the fact that the sample sizes in these tests were
dependent on the pressure and size of the nozzle.!'? To the
authors’ knowledge, experimental measurements obtained
from the biaxial planar loading have so far not been con-
sidered in the development of constitutive models for the

ureter.

Hence, the goal of this study was to develop an anisotropic
constitutive model for the ureter wall. Planar biaxial tests
were performed on specimens by loadings applied along the
circumferential and longitudinal directions. Then, the data
of the experimental tests were modelled by the anisotropic
four-parameter Fung-type model and the anisotropic modi-
fied Mooney-Rivlin Model.

MATERIALS AND METHODS

Sample Preparation

Human ureter was used in this study. Before resecting the
samples, written consent was obtained from the families of
the deceased. They were asked to sign the consent form pre-
pared by the Legal Medicine Organization. Eighteen ureter
specimens were used in this study, extracted from 9 healthy
upper urinary tracts. To protect the samples from dehydra-
tion, tissues were cleaned and stored in physiological saline
0.9%. The tests were performed within 10 hours after ex-
traction. Thickness measurements were taken from different
regions of the samples by using a micrometre. Out of neces-
sity, the mean thickness was utilized for stress calculations.
The central parts of the specimens were cut into segments,
then cut along the longitudinal axis, and splayed to obtain
square 6 x 6 mm? samples for biaxial testing. During the
test, the samples were stored in 0.9% physiological saline
heated by a heater to 37°C.

Testing Protocol

Device description: Tests on each specimen were done by
the planar biaxial testing system with strain controlled capa-
bility. The clamps of this system were able to directly hold
samples with dimensions of > 5 x 5 mm? without damaging
the tissue (Figure 1). In order to preserve the mechanical
properties, samples were kept wet at a temperature of 37°C
by using a temperature controlled water bath. Tensile forces
were measured by two UMAA 2 kilogram-force (kgf) load
cells (Dacell Co., Ltd, Korea Corporation, Korea). The re-
quired tensile forces, in this device, were applied by four
micro stepper motors with a resolution of 0.36 degrees and
with a nominal torque of 1.2 kg/cm (Autonics Corporation,
Gyeonggi-do, Korea). Four drivers were used to drive the
stepper motors (Autonics model MD5-H14). To measure the
tissue deformation, an Universal Serial Bus (USB) digital

microscope camera was used (300 x zoom, 30 Hz and reso-
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lution of 480 x 640). Data sent by the controller were trans-
ferred to a computer and saved there. To synchronize the
data, load cells and camera data were simultancously saved
at a frequency of 5 Hertz (Hz).

Loading protocols: After each specimen was placed on the
testing system, a preload of 0.01 Newton (N) was applied
along both axes to obtain meaningful measurements. A low
loading rate was considered for a quasi-static test by select-
ing the strain rate at 0.02 mm/s for all tests. Force and dis-
placement data were recorded at 0.2 second intervals (fre-
quency of 5 Hz).The digital microscope camera’s data were
processed with the ImagelJ package to obtain stretch in each
direction. We could not use ink markers in stretch (displace-
ment) measurement, because of the small dimensions of
the samples. The Initial distance between the ends of each
clamp was considered as the reference measure for sample
length in both directions.

The stress-strain curve for each specimen was obtained in
two axes [the (11) axes corresponding to the circumferential
direction and the (22) axes corresponding to the longitudinal
direction].The experimental stresses for the samples were

computed as follows:

on’ =h %
)
o5 =1, 2
2

where Al and A2 are the stretch ratios, F11 and F22 are the
forces measured by the load cells, t is the thickness of the
samples, and |, and 1, are the unloaded widths of the samples
in the two directions. the unloaded widths of the samples in
the two directions.

Constitutive Model Development

In this study, ureter was modeled as an incompressible, ho-
mogeneous and hyperelastic material. These assumptions
justify 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. With the use of strain energy func-

tion, the stresses can be computed from the strains as fol-

ow
Y acy;

FF = pl + Fy 22 F]

Ojj = PI + 2F ij 9E;

(3)

where oij is the Cauchy stress tensor, P is the Lagrange mul-
tiplier introduced to enforce incompressibility, C,= FUT-F].J. is
the right Cauchy—Green deformation tensor, E;=0.5(C;-L)
is the Green—Lagrange strain tensor, L is the identity unit
tensor and F, is the deformation gradient tensor which can
be described as F= 0x/0x' in which x' and x are the positions
of material points in the reference and current configuration,
respectively. Note that in this study the shear strains were
negligible and hence ignored in the subsequent data analy-
sis.

Based on the strain energy function and hyperelastic mod-
els,1%29 two appropriate constitutive models were chosen
to express the mechanical properties of the ureter; as these
models have been used previously for other soft tissues.
The first model utilized was a Fung-type model'® able to
describe the anisotropic behaviour of tissue. In the Fung

model, the strain energy density is given by:

w(Q =5c(e®-1)

(4)

whereQ(E) = aE *+aE *+2aE E

JEE,,and c,a,a, and a,

are constitutive parameters.
The Cauchy stress components in the two directions were
then calculated as follows:

The second model was the modified Mooney-Rivlin model
o1 = {% Aifa; (A - 1) +a;(3 - D] * eilal(*%*1)2”2(*%*1)2”"*3(%%*1)0%*1))}
®)
Oy2 = {%c)é [a,(3 — 1) + a; (A2 — 1)] * e%[alm‘l)z”z(“g‘l)z*z@(“*W‘l))}
(6)

which shows the anisotropic behaviour of the tissues and
can also be implemented in many standard FE packages. The

strain energy density function of this model is given by:
w = Cy(1y = 3) + Dy[exp(D(ly = 3)) — 1] + 3 [explk, (1, — 1? — 1])

M
are the model parameters®!).
According to the strain energy function, Cauchy stresses in

the two axes are as follows:
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Figure 1. Diagram of the biaxial tensile test system (1: the micro stepper motors; 2: the load cells)

011 = (2% (M2 = 252)(Cy + Dy XDy X exp(A? + 4,2 + 2452 = 3)) ) + -+
(@ x ks X 44% X (4 = 1) exp (I x (04? — 1)2))

®)

Ogp = (2 x (A% = 232)(Cy + Dy X Dy x exp(A + A% + A% — 3)))
)

Experimental data were then fitted to Cauchy stress of each
model by using genetic algorithm and the parameters of
constitutive models were obtained for each data set. For the
Fung model, anisotropy was also calculated as follows:

dq + dz dp + a3]

Anisotropy = min[——=
py [az+a3 ’ a1 +a3

(10)

Statistics

The results of the experimental tests and constitutive models
are presented as average + SD. The two-tailed paired t-test
was used to compare the longitudinal and circumferential
directions stiffness with statistical package for the social sci-
ence (SPSS Inc, Chicago, Illinois, USA) version 22.0.

Significance was set at P < .05

RESULTS

Since some of the specimens were unsuitable for testing

(some specimens were very soft or they had degenerated

during the tests), ten samples were appropriate for the biaxi-
al tests. Figure 2 shows the Cauchy stress-stretch curves ob-
tained from the biaxial mechanical testing of all specimens
in the circumferential (1-a) and in the axial (1-b) directions.
It cannot be said that the axial direction was consistently the
stiffer (or less stiff) direction. But on average, the specimens
acted stiffer in the axial direction than in the circumferen-
tial direction. Simultaneous loading in these two orthogonal
directions also allowed us to conclude that the mechanical
response in one direction was influenced by the characteris-
tics of the other direction. Then, these Cauchy stress-stretch
curves were fitted to the Fung and modified Mooney-Rivlin
constitutive equations through Egs.>*%? Table represents
the Fung and Mooney-Rivlin best-fit material parameters
for all the existing data. the mean values calculated are
presented in the last column. Based on the calculated RMS
error (Table), the Mooney-Rivlin model approximately pro-
vides the best qualitative fit to the data.

By using these material constants, stretch-stress curves were
extracted and plotted in Figure 3. The mean biaxial stretch-
stress curve for ureter was also obtained from the average
Fung constants mentioned in Table and plotted in Figure
2 as well. To validate the fitting method, the experimental
data and model curves obtained from the material constants
were illustrated together in Figures 4 and 5 for specimens.
It can be seen that predicted models are in agreement with

experimental data.
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Figure 2. Stress-stretch data for human ureter. The left hand plots (a) show the stresses and stretches in the circumferential (11) direction
while the right hand plots (b) show the stresses and stretches in the longitudinal (22) direction.

DISCUSSION

This study provides a complete set of experimental planar
biaxial data for human ureter fitted to the two anisotropic
constitutive models to describe its mechanical characteris-
tics. The reliance of the constitutive behavior on the specific
position in the tissue was overlooked and a homogeneous
response was presumed. This approach, although suitable
for modelling the behavior of the ureteral tissue at the mac-

roscopic level, cannot associate the observation made with

the naked eye with the microstructure. The soft tissue walls
include extracellular matrix proteins and cells, which give
origin to a multi-layered composite material where each
layer has specific composition, organization and mechanical
property.

Stiffer behaviour in the longitudinal direction had been re-
ported in earlier research on uniaxial tensile tests for dog
ureter as well.!” Inflation tests on rabbit ureter!? also

showed stiffer characteristics in the axial direction. In this
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Figure 4. Comparison of stretch-stress curves of Fung model and experimental data for all specimens in circumferential (a) and axial (b)

directions.

study, samples showed maximum stiffness in the longitudi-
nal direction. The average strength in the longitudinal direc-
tion was 3.48 £ 0.47 MPaand 2.31 + 0.46 MPa P < .05 for
the circumferential direction. The behavior of the Soft tissue
up to the rupture point in the longitudinal and circumferen-
tial direction depends on the exposure of collagen, elastin
fiber network and smooth muscle cells in its different layers.
Elastin fibers are involved in the initial phase of stretching;
then, collagen fibers also participate in stress tolerance. The
higher stiffness of the ureteral tissue in the longitudinal di-
rection than in the circumferential direction indicates that

the collagen is more effective in this direction because the
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elastin fibers have low strength.??) Under high strain ratio,
the role of collagen is more important than that of elastin.
The current investigation’s limitation is its method of sam-
ple preparation, as it was not possible for us to do the experi-
ments when the tissues were alive. So we cannot discuss the
small muscle cells’ roles in the mechanical properties of the
ureteral tissue because when the tissue is alive, smooth mus-
cle cells and their tension also contribute to the development
of overall wall tension.

As aforementioned we chose two anisotropic constitutive
models for our biaxial data, where both models are well

established as soft tissue materials and widely cited within
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Figure 5. Comparison of stretch-stress curves of Mooney-Rivlin model and experimental data for all specimens in circumferential (a) and

axial (b) directions.
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Table Parameters of the two constitutive models.

Fung C(MPa) al a2 a3 Anisotropy RMS (MPa)
Ureter 1 1.8955 0.1202 0.1590 0.0291 0.79 0.0165
Ureter 2 1.0372 0.7139 0.5293 0.4299 0.84 0.0237
Ureter 3 0.8891 0.5528 0.7477 0.4663 0.84 0.0244
Ureter 4 0.1632 0.1383 0.2221 0.8551 0.92 0.0106
Ureter 5 0.7525 0.2138 0.4090 0.2356 0.69 0.0291
Ureter 6 0.9477 0.1944 1.8774 0.4231 0.27 0.0349
Ureter 7 0.3262 0.3556 0.9223 0.1229 0.46 0.0331
Ureter 8 0.6828 0.1432 1.1083 0.1471 0.23 0.0073
Ureter 9 1.1357 0.0671 0.8423 0.2702 03 0.0215
Ureter 10 0.1631 0.2947 0.1743 0.2203 0.77 0.0053
Average 0.4056 0.7091 0.1856 0.8892 0.67 0.0083
Mooney-Rivlin C, (MPa) D, (MPa) D, k, (MPa) k, RMS (MPa)
Ureter 1 0.0395 0.2223 0.3566 -0.0100 0.1058 0.0109
Ureter 2 0.0203 0.1820 0.8502 0.0430 0.4023 0.0205
Ureter 3 -0.7233 1.3778 0.4801 -0.0558 0.3676 0.0244
Ureter 4 -0.2411 0.2714 0.4694 0.0515 0.1970 0.0091
Ureter 5 -0.1136 0.2302 0.5595 -0.0276 0.3615 0.0204
Ureter 6 -0.1082 0.7183 0.7736 -0.4032 0.9814 0.0255
Ureter 7 -0.4796 0.5492 0.4839 -0.0559 0.7150 0.0185
Ureter 8 -0.1623 0.4968 0.5679 -0.1416 0.8185 0.0046
Ureter 9 -0.3702 1.1924 0.4526 -0.2232 0.4047 0.0154
Ureter 10 -0.0754 0.1529 0.3494 0.0031 0.2423 0.012
Average -0.1114 0.2050 0.6803 0.0402 0.9106 0.0039

the pertinent literature. The Fung-type exponential model has
been used to describe the mechanical properties of arteries, '
but it has also been applied for myocardium,?® epicardium, ¥
rabbit ureter'!) and porcine intestine.?>) The Mooney-Rivlin
model formulations based on polynomials and exponentials
of strain invariants are also common in the literature®®*” and
have been implemented in many standard FE packages. These
constitutive models demonstrated mechanical anisotropy and
nonlinearity of the tissues, and the data (Table) present some
degree of anisotropy for ureteral wall.

As mentioned, on average, the specimens acted stiffer in the
longitudinal direction than in the axial direction. In the Fung
model the value of parameter a, (0.699 + 0.17) was higher
than a (0.279 + 0.07), which may be due to the collagen
fiber orientation’s preference along the longitudinal axis,
as earlier justified by the extracellular matrix component of
ureteral tissue.!!

All of the models presented in this study were nonlinear

and anisotropic. In particular, the Mooney-Rivlin model is

an anisotropic model which can be used for fluid-structure
interaction (FSI) numerical analysis in finite element analy-
ses (FEA) packages (e.g. a FSI procedure in a commercial
finite-element package named ADINA). Although the two
models considered in this paper are phenomenological, they
may be helpful as research references, offering good de-
scriptive capabilities.

More research is required to determine the efficacy of small
muscle cells on the mechanical properties of the ureter
through in-vivo experiments. Moreover, further experi-
mental investigations are needed to compare the mechani-
cal properties of different segments of the ureter using the
planar biaxial tensile test, and to compare the strength of the

left and right ureteral tissues.

CONCLUSION
In this study the mechanical properties of human ureter have
been determined by using a biaxial mechanical device. The

resultant stretch-stress curves from the experimental data
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were fitted to the four-parameter Fung-type model as well
as the modified Mooney-Rivlin model, and the anisotropy
values of the samples were calculated by the constitutive
Fung model parameters. The samples showed some degree
of anisotropy. The curves, on average, also showed stiffer
behaviour in the longitudinal direction than in the circum-
ferential direction. To conclude, this study may be used as a

reference for the numerical simulation of ureter.
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