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Abstract - Among all the available managements for the stress 

urinary incontinence, the Artificial Urinary Sphincter (AUS) is 

clinically considered the first-line treatment by inducing the 

lumen occlusion through a fluid-inflatable cuff applying a 

permanent pressure around the urethra. 

Over the decades of worldwide implantation of AUS, the 

success rate has emerged as deeply influenced by the mechanical 

stimulation of urethral tissues, which may be susceptible to 

potential degenerative phenomena, to urethral damage, with 

incontinence and necessary surgical revision. 

To minimize the risk of urethral damage, this research work 

proposes a novel in silico strategy for AUS design, aiming to 

provide a device that is capable to apply a more uniform and 

appropriate occlusive action around the urethra. 

Computational mechanics analyses are developed to evaluate 

the interaction between the urethra and the AUS device during 

the lumen occlusion and its subsequent opening because of 

bladder induced pressure, aiming to define the design parameters 

required for the continence condition, according to the tissue 

tolerability. The functionality of the novel device is compared 

with the reference AUS AMS800. 

Keywords - Stress urinary incontinence, artificial urinary 

sphincter, finite element method, computational structural 

mechanics 

I. INTRODUCTION 

TRESS Urinary Incontinence (SUI) is a widespread 

pathological condition implying the involuntary leakage of 

urine in response to increasing intraabdominal pressure (e.g. 

coughing, sneezing or exercising), due to the deficiency of the 

urinary sphincteric mechanism. Nowadays, about 400 million 

people worldwide are affected by urinary incontinence, with 

SUI accounting for 24% to 45% in women [1] and about 10% 

in men [2], impacting significantly on quality of life and 

financial burden. 

Since the 1970s, Artificial Urinary Sphincters (AUSs) have 

been developed for the SUI treatment as prosthetic devices 

which mimic the functionality of a natural urethral sphincter 

inducing the lumen occlusion during the storage phase of 

micturition. The operating principle consists generally in 

applying a pressure by means of a cuff inflated by saline 

solution, placed around the bulbar urethra or the bladder neck. 

Several variants of AUS are on the market and under 

experimental evaluation, distinguished in terms of control 

mechanism, pressure transmission and cuff shape and size.  

In most cases, the pressure is set in the range 50-80 cmH2O 

[3] and it is defined as a constant value by surgeons during the 

implantation. The pressure values are based on clinical 

experience in order to guarantee continence condition in daily 

situations. To date, despite successful post-surgery outcomes, 

the recurrent incontinence following the implantation of AUS 

is still an open clinical question [4]-[6]. High rates of surgical 

revision have been reported due to AUS failure because of the 

reaction of urethral tissues to pressure loading [3], [7]-[9].  

In detail, the resulting negative outcome is twofold. First of 

all, urethral tissue in correspondence to the AUS cuff may 

undergo degenerative processes in terms of infection, atrophy 

and/or erosion. In some regions of interaction, tissue could be 

pinched during the inflation of the cuff and compressive action 

may cause a hypoxia condition [10]. In case of damaged tissue, 

the AUS may no longer guarantee the continence condition, 

even if it was initially adequate. All these complications 

involve pain and discomfort for the patient that should undergo 

a new surgery, unless significant tissue damage compromises 

the implantation of another device. Hence, the application of 

an artificial urinary sphincter requires a careful evaluation of 

the interaction phenomena between the device and the 

biological structures and tissues in contact. 

The sphincter is permanently placed around the urethra by 

continuously applying an occlusive pressure, often higher than 

what is actually needed, in order to always guarantee 

continence, even in case of increased abdominal and bladder 

pressure. Only during voiding phase of micturition, typically 

around 6-7 times a day, the urethral duct is not exposed to the 

pressure load. In addition, the AUS is generally placed in 

urethral regions other than where the natural urethral sphincter 

is anatomically located and thus the tissues are not 

physiologically designed to be subjected to such occlusive 

stress and strain conditions. Therefore, as an essential 

requirement for the AUS reliability and durability, the 

biological tissue tolerability has to be necessarily considered 

in terms of compressive strain, compressive stress and 

hydrostatic pressure intensity and distribution.  

For all these reasons, a novel in silico approach to the design 

of the AUS device is developed. A computational modelling 

strategy was defined, allowing to analyse the interaction 

phenomena between AUS and urethra, and thus to evaluate the 

device functionality. In detail, the cuff pressure that is required 

to ensure continence and the mechanical stimulation of 

urethral tissues, which may induce damage and/or vaso-

constriction phenomena, can be evaluated. This approach was 

exploited to analyse a new AUS, which has been conceived 

introducing a novel conformation of the cuff as a fluid-

inflatable cylindrical chamber to be placed circumferentially 

around the bulbar urethra.  

The in silico procedure required the development of 

computational models of the male bulbar urethra and the AUS.  
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Models exploitation made it possible to investigate the urethral 

mechanical response under different occlusion conditions and 

intraurethral actions, by varying the material properties of the 

prosthetic device. 

II. MATERIALS AND METHODS 

Over the years, the bioengineering methods provided valid 

support tools, in a wide range of medical fields, to study the 

functionality of biological tissues, plan surgical procedures 

and evaluate the efficacy and reliability of therapies and 

prosthetic devices. These methods are based on a tight 

coupling of experimental investigations, including the histo-

morphometrical and mechanical characterization of biological 

systems and computational techniques. These latter allow to 

extend the experimental results to a wider scenario, simulating 

multiple situations and providing information on relevant 

aspects that are not accessible by clinical investigation. In this 

sense, the Computational Structural Mechanics (CSM) 

approach allowed to interpret the mechanical response of 

urethral tissue to the lumen occlusion process induced by the 

artificial sphincter, aiming to evaluate the reliability of the 

novel device.  

A. Numerical model of the urethral duct 

The bulbar urethral model was developed as a fully three-

dimensional 50 mm length and 5 mm radius cylinder, with an 

elliptical lumen defined by internal major and minor axis of 8 

and 1.6 mm, respectively (UGS NX3, Siemens PLM Software, 

Plano, Texas, USA). Lumen shape was previously investigated 

[10] according to the complex configuration in the bulbar area 

and here simplified by a regular elliptic shape, as it appears in 

other urethral regions, and also in consideration of a major 

pressure requirement for occlusion. Moreover, this shape 

minimizes the computational effort, suggesting the feasibility 

of real-time simulations for the surgical practice. 

 

 
 Fig. 1: Geometrical model of the urethral duct as a bi-layered structure.  

 

The urethral wall was assumed to be composed by a thin 

layer of dense connective tissue that surrounds the lumen and 

an outer thick layer of spongy tissue all around (Figure 1). The 

mechanical behaviour of biological tissues was described by a 

specifically developed hyperelastic formulation [10]. The 

constitutive parameters were defined on the basis of inverse 

analysis of experimental data from uni-axial tensile tests and 

structural inflation tests performed on urethral samples [11]. 

A tie contact condition on the interfacing surfaces between 

the two layers and fixed-end constraints on cross-sectional 

surfaces at the two extremities of the urethral model were 

imposed to prevent relative and rigid body motion, 

respectively. The self-contact interaction between lumen 

surfaces was defined by a hard contact formulation with 

friction coefficient of 0.02 [10], [12], [13], considering that the 

tissue is physiologically wet. The urethral model was finite 

element discretized assuming different seeds for the two 

layers, by means of 145,920 and 200,640 linear hexahedral 

elements, corresponding to 184,000 and 213,440 nodes, 

respectively for the connective tissue and spongy tissue layers. 

Discretization was performed in the framework of 

Abaqus/CAE 6.14 (Dassault Systèmes, Vélizy-Villacoublay, 

France). To prevent mesh instability, the enhanced hourglass 

control formulation was adopted [14], [15].  

B. Numerical model of the novel artificial urinary sphincter 

The novel prototype of AUS has been conceived with an 

operating principle based on a hydraulic mechanism, as the 

majority actually on the market. The inflation of a fluid-filled 

cuff around the urethra provides for the lumen occlusion. 

However, on the basis of the current critical issues reported in 

literature, the novelty lies in the shape of the urethral cuff 

designed to improve the distribution of the pressure action by 

wrapping the duct more uniformly and safely, without 

pinching the tissue. In detail, as a matter of example, a 3D 

CAD model of the cuff was developed by assembling an 

inflatable chamber and an external supporting band. Both 

models were designed as a hollow cylinder with a constant 

curvature (Figure 2). 

 
Fig. 2: Geometrical model of the novel artificial urinary sphincter 
composed by an inflatable chamber (a) and a supporting band (b). 

 

The chamber and the circular band dimensions can be 

defined on the basis of the specific urethra requirements. In the 

initial configuration, the chamber end parts, labelled as 1 and 

2, are detached and so the cuff is open, as shown in the Figure 

2a. In the operative configuration, the band parts, labelled as 3 

and 4 in Figure 2b, are intended to come into contact, inducing 

the closing of the cuff. In this manner, and according to wall 

stiffness distribution, it is expected that the inner wall of the 

chamber ensures a circular configuration around the urethra. 

Regarding the design of the novel device, a relevant aspect 

was assumed by the mechanical characterization of its 

components. An elastomeric material was assumed for both 

the inflatable chamber and the supporting band, by considering 

an hyperelastic formulation defined in terms of the strain 

energy potential as: 
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𝑊(𝐂) = 𝐾𝑣(𝐽 − 1)2 + 𝐶1(𝐼1 − 3)           (1) 
 

where 𝐽 is the deformation Jacobian,  𝐼1 is the first invariant 

of the iso-volumetric part of the right Cauchy-Green strain 

tensor 𝐂, 𝐾v is a parameter related to the bulk modulus, 𝐶1 is 

the material parameter related to the initial shear stiffness as 

𝜇0 = 2𝐶1. Different shear moduli were considered (Material 1, 

2 and 3), as reported in Table I. The Material 3 was set to the 

same stiffness of the most used AUS worldwide, the AMS800 

(Boston Scientific, Boston, USA) [10]. 

  

 

 

 

 

 

 

 

The contact interaction between the chamber and the band and 

also between each part was imposed in the normal direction by 

means of a hard contact formulation, and in the tangential 

direction with a friction coefficient of 0.1.  

The finite element mesh of the supporting band was 

developed by means of 373,911 four-nodes tetrahedral 

elements having a mean size of 0.25 mm and a total of 79,182 

nodes. On the other hand, the inflatable chamber was meshed 

by 51,503 three-nodes triangular shell elements, due to its 

small thickness to area ratio, and a total of 25,759 nodes. The 

enhanced hourglass control formulation was considered [13], 

[14]. 

C. Computational analyses of lumen occlusion 

The two developed models were assembled together by 

positioning the sphincteric model around the middle region of 

the urethral duct, as shown in the Figure 3. 

 
Fig. 3: Application of the novel device on the central zone of urethra. 

 

In terms of contact property, a tangential behaviour was 

defined on the device regions in interaction with the urethral 

duct by means of friction coefficient of 0.02 [10],[12]. In 

addition, hard contact was considered in the normal direction 

on all the surfaces to prevent potential penetration phenomena. 

To evaluate the minimum pressure that the novel AUS has 

to apply on the urethral duct for ensuring the continence, the 

lumen occlusion induced by the sphincter and the subsequent 

lumen opening due to the urine action were simulated for 

different constitutive parameters characterizing the device 

components. In detail, CSM analyses were performed by a 

three-step procedure. The first step simulated the cuff closing 

by applying a displacement boundary condition to carry the 

band tab portion in the operative positioning. Subsequently, 

during the second step, the chamber was inflated to a target 

pressure. Holding constant the occlusive action, during the 

third step, a radial pressure on the lumen inner surface was 

progressively increased up to the lumen opening.  

The occlusive and intraluminal pressures were applied by 

means of hydrostatic pressure conditions. Load uniform 

distribution and velocity of 400 cmH2O/s were assumed. 

Different target values of cuff pressure were considered in the 

range between 0 and 80 cmH2O, on the basis of the occlusive 

pressure applied by the current AUSs. With regards to the 

urine action, the intraluminal pressure was considered within 

the physiological range during the voiding phase of micturition 

[16]. Since geometrical non-linearity effects and complex 

contact and self-contact conditions were expected during the 

analysis, the Abaqus/Explicit 6.14 (Dassault Systèmes, 

Vélizy-Villacoublay, France) non-linear dynamic explicit 

solver was adopted. The analyses were performed using a HPC 

server equipped with four Intel Xeon E7-8890 v4 and 512 GB 

RAM, allocating 30 to 50 threads for each target cuff 

pressure’s simulation, resulting in an average analysis duration 

of 72 hours for each simulation. 

III. RESULTS 

The in silico approach to AUS design was exploited to 

investigate a novel device. 

 

 
Fig. 4: Contours of compressive strain field at different level of cuff 

pressure for the different materials of the novel AUS and for the AMS800. 

  

Numerical results of interaction phenomena between the 

urethral duct and the novel AUS were analysed during the 

lumen occlusion and opening processes considering different 

material parameters characterizing the device’s components. 

In particular, the compressive strain fields on the section of 

maximum stimulation of urethral model are reported for 

different occlusive pressures, as 20, 40, 60 and 80 cmH2O, in 

relation with the three materials considered (Figure 4). In 

TABLE I: CONSTITUTIVE PARAMETERS 

Material C1 [MPa] Kv [MPa] 

1 0.20 3.87 

2 0.30 5.80 

3 0.43 8.31 

   

   

Tab.1: Different constitutive parameters of the Neo-Hookean hyperelastic 

formulation for the components of the novel AUS.  
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comparison, the same mechanical fields for the AMS800 

device are reported [10]. The results highlight an increase of 

compressive strain, proportional to the value of the applied 

cuff pressure and dependent on cuff material.  

While minor difference emerges between the different 

materials of the novel device, it can be noted that, comparing 

them to the AMS800, less extensive areas are subjected to high 

values of compressive strain for occlusive pressures higher 

than 60 cmH2O. This is an important aspect to consider 

because high values of compressive strain (and so of 

compressive stress) entail a risk of tissue degenerative 

phenomena. Moreover, for an occlusive action of 80 cmH2O, 

the AMS800 involves more regions of urethra under 

hydrostatic pressures above 70 cmH2O, which can obstruct 

most of the urethral vessels, where the blood flow reaches 

pressures between 13 and 105 cmH2O [10]. 

For each material, the analyses allowed studying the 

relationship between sphincteric loading and urine action 

required to open the lumen. In particular, for each cuff material 

and each cuff pressure the corresponding lumen opening 

pressure was defined as the minimum intraluminal pressure 

needed to open the urethra. The resulting curves for the novel 

device are reported in Figure 5, in comparison to AMS800.  

 

 
Fig. 5: Relation between lumen opening pressure and cuff pressure. 

IV. CONCLUSION 

AUS device is the gold standard treatment for severe SUI, 

with particular regard to male subjects. Nonetheless, the non-

physiological mechanical effects on urethral tissues frequently 

entails complications. Aiming to a more reliable approach, a 

novel AUS has been defined by means of in silico methods, 

also supported by experimental tests. The methodology allows 

analysing interaction phenomena between AUS and urethral 

tissues and structure. The main outputs of the investigation 

consist in: i) the trend of cuff pressure that is required to ensure 

continence depending on bladder induced pressure, as a 

measure of functionality of the device, ii) the mechanical 

stimulation of urethral tissues depending on cuff pressure, in 

relation with the potential damage and/or vaso-constriction 

phenomena. The analysis shows that all the material 

configurations of the novel device have almost the same 

continence performance as the AMS800 (Figure 5). On the 

other side, it appears that the novel AUS device improves the 

distribution of the mechanical action on urethral tissues 

compared to the reference AUS case (Figure 4). 

Even if supported by specific experimental tests, economic 

and time costs of the computational approach appears 

affordable and reliable, also overcoming ethical tasks. It 

represents a relevant support for clinical-surgical practice in 

the evaluation of the most appropriate solution to be adopted. 

The flexibility of the approach also leads to the possibility of 

prompt analysis of specific cases proposed for surgery. 
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