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Abstract Urinary incontinence, often related to sphincter
damage, is found in male patients, leading to a miserable
quality of life and to huge costs for the healthcare system.
The most effective surgical solution currently considered for
men is the artificial urinary sphincter that exerts a pressure
field on the urethra, occluding the duct. The evaluation of
this device is currently based on clinical and surgical compe-
tences. The artificial sphincter design and mechanical action
can be investigated by a biomechanical model of the urethra
under occlusion, evaluating the interaction between tissues
and prosthesis. A specific computational approach to urethral
mechanics is here proposed, recalling the results of previous
biomechanical experimental investigation. In this prelimi-
nary analysis, the horse urethra is considered, in the light of
a significant correlation with human and in consideration of
the relevant difficulty to get to human samples,which anyway
represents the future advance. Histological data processing
allow for the definition of a virtual and a subsequent finite
element model of a urethral section. A specific hyperelas-
tic formulation is developed to characterize the nonlinear
mechanical behavior. The inverse analysis of tensile tests on
urethra samples leads to the definition of preliminary consti-
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tutive parameters. The parameters are further refined by the
computational analysis of inflation tests carried out on the
entire urethral structure. The results obtained represent, in
the light of the correlation reported, a valid preliminary sup-
port for the information to be assumed for prosthesis design,
integrating surgical and biomechanical competences.

Keywords Urethral duct · Tissue mechanics · Experimental
testing · Computational biomechanics · Artificial urinary
sphincter

1 Introduction

The biomechanical investigation of biological tissues and
structures of the lower urinary system are fundamental for the
comprehension of the functional response in physiological
conditions. Currently, lower urinary tract dysfunctions con-
sist of storage, voiding and post-micturition symptoms that
are highly prevalent (McVary2006) and result in a decrease in
life quality (Kerrebroeck et al. 1993; Minassian et al. 2003).
Incontinence affects both men and women with a significant
increase dependingonage (Abramset al. 2002).However, the
present work refers to male subjects, due to the specific and
more complex configuration of the urethral region. In healthy
conditions, the external sphincter muscle and the internal
sphincter provide physiological occlusion (Brooks 2007). In
case of severe incontinence (Hampel et al. 2010, prosthetic
devices are applied typically in the bulbar urethra region
(Aa et al. 2013). Surgical solutions include artificial uri-
nary sphincter (Venn et al. 2000; Hussain et al. 2005; Amend
et al. 2013; Wiedemann et al. 2013) and slings (Bruwaene
et al. 2015). In particular, the artificial urinary sphincter is
based on a cuff positioned around the urethral duct, provid-
ing lumen occlusion by an external pressure field, that can
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range up to 90 cm H2O (Hussain et al. 2005). The overall
operational conditions (Venn et al. 2000) are considered dur-
ing the surgical intervention. The pressure field constantly
acts on urethral tissues, while is suspended when the patient
releases the device for inducing micturition. Particular atten-
tion should be paid to the interaction occurring between the
cuff and the urethral tissues, in consideration of potential
damages as atrophy and erosion (Kim et al. 2008; Aa et al.
2013; Bates et al. 2015; Bugeja et al. 2016; Ravier et al.
2015). Complications entail surgical revision, removal and
possible replacement of the device (Raj et al. 2005; Simon
et al. 2005; Anusionwu andWright 2013; Linder et al. 2015).

The mechanical functionality of the prosthetic device and
the biomechanical response of urethra to imposed pressure
can be approached by means of experimental and computa-
tional biomechanics investigation. Computational models of
the urethra can be developed to identify the artificial sphinc-
ter pressure that ensures lumen occlusion (Marti et al. 2006)
and stress and strain distributions within biological tissues
(Chung 2014; Hached et al. 2014; Ramesh et al. 2014).

A preliminary computational approach to the analysis of
urethra response during lumen occlusion is here proposed.
The investigation recalls experimental data from a former
study concerning the characterization of horse urethra sam-
ples (Natali et al. 2016). Indeed, the horse can represent a
suitable animal model for ex vivo characterization, since
equine urethra presents significant similarities to human
one, especially concerning hystological tissue conformation
(Wolfe and Moll 1999; Pozor and McDonnell 2002; Arrighi
et al. 2004; Dellmann and Eurell 1998) and micturition evo-
lutionary process (Clark et al. 1987; Ronen 1994; Brading
1999). The consideration of animal samples determines an
approximation in the comparisonwith human case. Nonethe-
less, this work aims at developing a method that can be
extended on the basis of an experimental investigation on
human samples already in progress. The developed com-
putational model interprets urethral tissues and structures
mechanical response under intraluminal pressure and exter-
nal occlusion conditions.

2 Materials and methods

2.1 Finite element model definition

Numerical model refers to results on histological confor-
mation and experimental mechanical behavior of urethral
tissues and structures, reported in a previous investigation
(Natali et al. 2016). Short notes are here recalled to out-
line the procedure. Specimens were collected from proximal
and distal regions of male horse urethras. Results from distal
samples are taken into account for computational modeling,
due to the similarity between horse and human urethra in this

region (Pozor andMcDonnell 2002;Arrighi et al. 2004).Ure-
thral conformation and fiber distribution within tissue layers
are evaluated for the definition of structural model. Ure-
thral lumen shows a complex cross-sectional shape, ranging
between slit- and star-like ones (Pullan et al. 1982). Different
layers compose the urethral duct, namely a pseudostratified
columnar epithelium around the lumen, a thin layer of dense
connective tissue and a thick stratum of loose tissue compris-
ing corpora spongiosa, connective septa and blood vessels
(Pavlica et al. 2003). Transversal sections of urethras were
collected for histological analysis and stained with Masson
trichrome solution to enable the identification of different
layers. Serial sectioning was carried out for an overall evalu-
ation of tissue conformation (Natali et al. 2016) and a specific
histological section is selected for the development of the
model (Fig. 1), assumed in the mean position of the ure-
thra region loaded by constant sphincteric pressure. A virtual
geometrical model of urethra section is obtained from the
histological image, enlarged in scale to correct shrinkage
phenomena that occurred during tissue processing (Dobrin
1996). Specific image analysis routines are implemented in
Matlab (The MathWorks Inc., Natick, MA, USA) aiming
to geometrically characterize the conformation of urethra
transversal section and to identify the different tissue lay-
ers. Median, 25th and 75th percentiles thickness values of
the layers are: 0.06 [0.03, 0.08] mm, 0.14 [0.12 0.19] mm
and 5.13 [4.21 5.47] mm for epithelium, dense connective
tissue and lose tissue, respectively.

The geometrical model of the urethral section (Fig. 2a)
is imported into the finite element preprocessing software
Abaqus/CAE 6.14 (Dassault Systèmes Simulia Corp., Prov-
idence, RI). Six node triangular quadratic elements (CPS6
plane strain elements) and three node triangular linear ele-
ments (CPS3 plane strain elements) are adopted to mesh
the dense connective tissue layer and the loose tissue stra-
tum (Fig. 2b, c). Tie contact condition ensures the proper
mechanical interaction at the interface between the two dif-
ferently meshed regions for compatibility requirements. The
mechanical contribution of the epithelial layer, due to its lim-
ited stiffness characteristics, is almost negligible. Anyway,
it must be taken into account in the interaction phenom-
ena induced by compression loads, interpreted by means of
a self-contact condition. The typical nonlinear mechanical
behavior of soft biological tissues suggests the assumption
of an exponential pressure-overclosure relationship (Abaqus
6.14-1 Analysis User Manual, Dassault Systèmes Simulia
Corp., Providence, RI). In detail, facing portions of lumen
begin to interact once the clearance between them, measured
in the contact normal direction, reduces to almost the double
of the epithelium thickness. The contact pressure between
lumen surfaces then increases exponentially as the clear-
ance continues to diminish.When clearance approaches zero,
pressure is getting to 10kPa, in agreement with results from
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Fig. 1 Histological section from distal region of horse penile urethra (a); detail showing the different tissues (b)

Fig. 2 Urethra geometrical model (a); finite element model with boundary conditions for numerical analysis of structural inflation and lumen
occlusion (b); detail of the finite element model showing the different discretization of loose and dense tissue layers (c)

experimental activities on epithelial tissues (Raub et al. 2010;
Chen et al. 2015). Contact frictional properties ensure the
transmission of shear loads between lumen surfaces, usu-
ally fully hydrated, with a 0.02 friction coefficient (Prinz
et al. 2007). Model and mesh configurations are defined
through the procedures of computational mechanics. Mod-
els are developed assuming incremental mesh refinement.
Numerical analyses simulating inflation tests are performed
comparing the differentmodels results, aiming to evaluate the
influence of mesh conformation. Results show to be mostly
affected by the size of element within the dense connective
tissue layer. With regard to this region, reducing element
size below 0.03 mm does not provide significant variation of
results. With regard to the final configuration of the model,
mean element size within the dense connective tissue layer
is 0.03 mm, while it ranges between 0.03 and 0.3 mm in
the loose tissue stratum. The model is composed by 31553
nodes (18142 and 13411 nodes, respectively, in dense con-
nective layer and loose stratum) and 33695 elements (8034

and 25661 elements, respectively, in dense connective layer
and loose).

2.2 Constitutive formulation

The mechanical behavior of dense connective and loose tis-
sue is defined by a specific hyperelastic formulation that
proved its capability to interpret the typical features of soft
tissue mechanics in previous investigations (Natali et al.
2009, 2010; Carniel et al. 2014). The stress–strain relation-
ship is here recalled:

P=−pF−T +C1 exp [α1 (I1 − 3)]
(
2F−2/3I1F−T

)

(1)

where P is the first Piola-Kirchhoff stress tensor, as a mea-
sure of nominal stress, F is the deformation gradient, p is a
Lagrange multiplier that specifies hydrostatic pressure and
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Fig. 3 Tensile tests on urethra samples. Mimicking the experimental procedure, the finite element model of the cut urethra samples (a) undergoes
the opening (b) and straightening (c) up to large tensile stretching (d)

ensures the incompressibility of the material, I1 is the first
invariant of the right Cauchy-Green strain tensor C = FTF.
The constitutive parameters C1 is related to tissue shear
stiffness in the unstrained configuration, while the nonlin-
earity parameter α1 specifies tissue stiffening with stretch.
Constitutive parameters are identified by the inverse analy-
sis of tensile tests performed on horse urethra. Rectangular
specimens (20 mm gauge-length, 5 mm width) were cut
fromdistal urethras along circumferential directions (36 sam-
ples from thirteen male horses). Mean sample thickness was
about 4 mm, as reported in Natali et al. (2016) together
with additional details. A Bose® ElectroForce® (Bose Cor-
poration, ElectroForce Systems Group, Eden Prairie, MN,
USA) machine was used to perform tests. Each specimen
was stretched up to 60% strain. According to the specific
boundary conditions, in case of uni-axial tensile loading, the
following relationships between stress and stretch compo-
nents are computed from the general model (Eq. 1):

Pcc = 2C1 exp
[
α1

(
λ2c + 2λ−1

c − 3
)] (

λc − λ−2
c

)
(2)

where λc and Pcc are stretch and nominal stress, respectively,
along circumferential direction. Different sets of parameters
are identified analyzing the statistical distribution of exper-
imental results, as median, 25 and 75th percentiles. With
regard to processing of experimental results, stretch is com-
puted as the ratio between the gauge-length of the tissue
specimen in deformed and undeformed configurations, nom-
inal stress is evaluated as the ratio between tensile force and
specimen mean cross-section area in the undeformed config-
uration.

The minimization of discrepancy between experimen-
tal data and model results (Natali et al. 2009) lead to the
following parameters: C1 = 1.09[0.95, 1.37]kPa, α1 =

1.26[1.07, 1.40]. Such parameters describe the mechanical
behavior of a homogenized urethral structure. Nevertheless,
tissue layers with different mechanical properties compose
the urethral wall. The multi-layered configuration leads to a
non-homogeneous stress and strain distribution.

A tensile test on a circumferential urethra sample is repli-
cated by computationalmodeling inFig. 3,with reference to a
specific section (Fig. 3a). Finite element analysis investigates
all the different steps of the experimental procedure, includ-
ing urethra ring opening for the preparation of the sample
(Fig. 3b), straightening as during sample gripping (Fig. 3c)
and tissues stretching through tensile testing (Fig. 3d). The
mechanical behavior of the tissues is defined by the specific
hyperelastic formulation mentioned, which is implemented
in the finite element software by a user subroutine.

Different sets of parameters must be identified for the
different tissues. Experimental test faces the problem of pro-
viding specimens where different tissues are combined and
their separation should induce relevant damage. To overcome
this problem, the interpretation of stiffness characteristics is
performed by the support of numerical model simulation. In
the present case, this consideration can be referred to the cou-
pling of dense and loose tissue with regard to the evaluation
of the parameters C1 and α1. A numerical analysis of tensile
tests is developed considering different values of a multi-
plier k, ranging between 1 and 1000 (Fig. 4), that represent
the ratio of C1 values attributed to the different components.
The large range of k values makes it possible to evaluate a
complete set of conformations of urethra tissues: k = 1 spec-
ifies an homogenous structure, while k = 1000 describe a
thin and highly stiff layer surrounded by a thick and tenuous
stratum.

Additional investigations are developed with regard to
experimental results from inflation tests that were performed
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Fig. 4 Comparison of experimental and computational results from
tensile tests on urethra circumferential samples. Median, 25 and 75th
percentiles experimental curves are reported. Computational results are
defined depending on different sets of constitutive parameters according
to the values of multiplier k

on urethra tubular specimens (11 distal samples from differ-
ent male horses).

A homogeneous hydrostatic pressure field is applied to
the intraluminal border of the urethra model. Pressure value
is progressively increased to simulate the experimental pro-
gressive inflation. Null displacement conditions are imposed
on four diametrically opposite nodes along single directions,
on the outer boundary of the model (as shown in Fig. 2b),
in order to provide minimal constraints and to satisfactorily
interpret the actual constraint of the sample during experi-
mental testing.

Different analyses are performed considering the differ-
ent values of the multiplier k (Fig. 5). Numerical results
from both tensile and inflation tests are compared with
median experimental data. The multiplier value k = 208
entails the minimal overall discrepancy between computa-
tional and experimental median results. Parameters C1 =
34.89 kPa, α1 = 1.26, and C1 = 0.17 kPa, α1 = 1.26 are
finally assumed to specify the median behavior of dense con-
nective tissue layer and loose tissue stratum, respectively.

2.3 Numerical analysis of occlusion phenomena

The computational model interprets urethral tissues mechan-
ical response when external occluding loads are applied.
With the aim to mimic the action of artificial sphincters, a
homogeneous pressure field is applied all around the exter-
nal boundary of the urethral model.

Themodel refers to themean sectionwithin the areawhere
the occlusion is induced, leading to a better approximation
of results in consideration of the assumption of a two dimen-
sional model.

According to the configuration of commercial devices, the
occluding pressure can reach the limit of 10 kPa, in consid-

Fig. 5 Comparison of experimental and computational results from
inflation tests on urethra tubular samples. Median, 25 and 75th per-
centiles experimental curves are reported. Computational results are
defined depending on different sets of constitutive parameters accord-
ing to the values of multiplier k. The logarithmic volumetric ratio is
defined as the logarithm of the ratio between the volume of the urethra
lumen, when mechanical action is applied and the final volume of the
lumen

eration of the intraluminal pressure that ranges between 0
and 10kPa (Griffiths 1971; Aagaard et al. 2012). Numerical
analyses are performed by a two steps procedure. During the
first step, the urethra is progressive inflated up to the target
intraluminal pressure. During the second step, the occluding
pressure is increased up to 10kPa.

3 Results

The agreement between the experimental and computational
investigations at both tissue and structure levels is reported
in Figs. 4 and 5, respectively. The numerical analysis of
inflation tests allows evaluating the tissues mechanical func-
tionality when intraluminal pressure is applied. The contours
of radial displacement and stress fields are reported in Figs. 6
and 7, respectively, for different values of intraluminal pres-
sure.

Finally, urethral structure and tissues response are inves-
tigated when external occluding actions are applied. Numer-
ical analyses that take into account different conditions, as
different intraluminal pressure and occluding loads, are sum-
marized in Fig. 8. The different curves specify the structural
behavior of the urethra, as the trend of occluding pres-
sure with lumen volume variation. Each curve pertains to
a specific value of the intraluminal pressure under different
compression up to occlusion and subsequent compression
induced. The data are reported with regard to the volume
variation depending on the load induced.

Information about tissues behavior during occlusion are
reported in Fig. 9. The compressive strain field is reported
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Fig. 6 Numerical analysis of structural inflation tests. Contours of radial displacement field at different intraluminal pressure conditions

Fig. 7 Numerical analysis of structural inflation tests. Contours of tensile stress field, as the maximum principal value of the Cauchy stress tensor,
at different intraluminal pressure conditions

for both loose tissue and dense connective tissue layer for
different values of the occluding pressure conditions, while
intraluminal pressure is 1KPa.

4 Discussion and conclusions

The developed computational framework allows the investi-
gation of urethral structure and tissues mechanical response
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considering different configurations depending on intralumi-
nal and occlusion pressure.

Computational analyses are performed by assuming dif-
ferent sets of constitutive parameters. The sets differ from
one another by the multiplier k, which specifies the stiffness
ratio between dense connective tissue layer and loose tissue.
While the specific value of k modestly influences the ten-
sile behavior of the urethra samples (Fig. 4), the effect on

Fig. 8 Results fromnumerical analysis of lumenocclusion. Each curve
describes the structural behavior of the urethra at a specific value of
intraluminal pressure and for increasing occluding pressure conditions

the inflation tests shows different trends and larger inten-
sity variation (Fig. 5). In any case, the numerical results
are well placed within the statistical band of experimental
results for a broad range of k values. Low k values entail
an almost homogenous distribution of stiffness along the
urethra thickness. On the contrary, high values of k better
describe the configuration of the urethra, as an inner thin
and stiff layer surrounded by a thick and compliant stratum.
The trend of intraluminal pressure with lumen volume sig-
nificantly varies with the multiplier k, in accordance with
the stiffness contribution of the dense connective tissue layer
that progressively increases with the distension of the lumen.
The optimal multiplier k is identified by minimizing the dis-
crepancy between model curves and median experimental
data. This assumption can be justified by considering that
median data describe the average behavior of all the tested
experimental samples.

As concern the tissue response in the central region
within the area where the sphincteric device provides
the pressure action, the accuracy of the present results
can be satisfactory, in spite of the limitation that per-
tains to the two dimensional model conformation. This
preliminary approach is justified also by the relevant com-
putational effort determined by a highly nonlinear prob-
lem, related to material, geometry and contact conditions.
The three-dimensional analysis in progress will lead to
a more accurate and general interpretation of the overall
response.

Fig. 9 Numerical analysis of lumen occlusion. Contours of compressive strain field, as the minimum principal value of the logarithmic strain
tensor, into loose tissue (a) and dense connective layer (b), assuming an intraluminal pressure of 1KPa
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In general, the computational models allow the evaluation
of tissues mechanical response with detail and accuracy. In
Fig. 7, the stress distribution for different values of intra-
luminal pressure depending on urine flow (Griffiths 1971;
Aagaard et al. 2012) is reported.

An interesting aspect of the analysis pertains to the tissues
response when artificial sphincters, induces lumen occlu-
sion. Fig. 8 summarizes results from numerical analyses
that took into account the combination of different values
of intraluminal and external occluding pressures. Occlu-
sion occurs when external and intraluminal pressures almost
equalize and subsequently urethral epithelial tissues undergo
compression phenomena. Occluding actions determine sub-
stantial compressive strains within dense connective tissue
and loose tissue. Artificial sphincters steadily induce such
non-physiological strains within urethral tissues and poten-
tially lead to degenerative phenomena (Hajivassiliou 1999;
Garćia Montes et al. 2000; Kim et al. 2008; Aa et al. 2013;
Bugeja et al. 2016).

Some notes are reported about the assumed constitu-
tive framework.Hyperelastic formulations allow interpreting
some of the typical features of soft tissue mechanics, as
almost incompressible behavior and nonlinear elasticity.
Biological tissues exhibit a more complex behavior and
anisotropic conformation and time-dependent phenomena
should be considered. For this purpose, experimental inves-
tigations are under development for a reliable identification
of further parameters. Nonetheless, histological analyses
(Natali et al. 2016) suggest an almost isotropic config-
uration of the tissues in the urethral region investigated
in this work. Moderate anisotropy could just character-
ize the thin layer of dense connective tissue. Differently,
time-dependent phenomena appear to be relevant (Natali
et al. 2016) and could significantly affect stress within
urethral tissues during protracted occlusive actions. This
work aims just at providing a preliminary evaluation of the
relationship between urethral tissues response and inten-
sity of the occlusive action, while further investigation is
in progress to better elucidate the influence of viscous
effects.

As mentioned previously, additional investigation is in
progress with regard also to experimental tests on human
specimens andwith an extension to three-dimensional model
configuration. This preliminary study reports on the rele-
vant experimental and computational effort and offers a set
of results that can be considered compatible with realistic
response mostly in the central region of the sphincteric cuff.
In this sense, the present research can offer the basis for eval-
uating the relevant complexity of the problem stressing the
integration of biomechanical and surgical competences that
represents a fundamental term in addressing further investi-
gation.
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