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Abstract: The surgical treatment of urinary incontinence is often performed by adopting an Artificial 

Urinary Sphincter (AUS). AUS cuff represents a fundamental component of the device, providing 

the mechanical action addressed to urethral occlusion, which can be investigated by computational 

approach. In this work, AUS cuff is studied with reference to both materials and structure, to develop 

a finite element model. Materials behavior is investigated using physicochemical and mechanical 

characterization, leading to the formulation of a constitutive model. Materials analysis shows that 

AUS cuff is composed by a silicone blister joined with a PET fiber-reinforced layer. A nonlinear 

mechanical behavior is found, with a higher stiffness in the outer layer due to fiber-reinforcement. 

The cuff conformation is acquired by Computer Tomography (CT) both in deflated and inflated 

conditions, for an accurate definition of the geometrical characteristics. Based on these data, the 

numerical model of AUS cuff is defined. CT images of the inflated cuff are compared with results of 

numerical analysis of the inflation process, for model validation. A relative error below 2.5% was 

found. This study is the first step for the comprehension of AUS mechanical behavior and allows the 

development of computational tools for the analysis of lumen occlusion process. The proposed 

approach could be adapted to further fluid-filled cuffs of artificial sphincters. 

Keywords: artificial urinary sphincter; material characterization; mechanics characterization; micro 

computed tomography; numerical model 
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1. Introduction  

Severe urinary incontinence (SUI) is currently a widespread healthcare problem with millions of 

male patients worldwide [1], mostly aged over 50 years [2]. Male patients may undergo surgical 

treatment with Artificial Urinary Sphincter (AUS). This device ensures continence through occlusion 

of the urethral duct by means of a cuff generally placed in urethral bulbar region [3]. The most used 

AUS worldwide is the AMS 800 (Boston Scientific, Boston, USA) (Figure 1a). This prosthesis is 

based on an inflatable cuff (Figure 1b,c), a pressure-regulating balloon and a pump. Due to the 

surgical invasiveness of this device and a moderate rate of complications and revisions [3], new 

solutions have been developed in recent years. These devices are designed to simplify surgical 

procedures by decreasing the number of connecting parts and to allow the control of the cuff pressure 

in situ. Indeed, it is recognized that constant urethral pressure is probably causing urethral atrophy 

and erosion. Among new solutions, other devices present a similar structure and working principle to 

AMS 800. The ZSI 375 (Zephyr Surgical Implants, Geneva, Switzerland) (Figure 1d) is based on 

two parts connected by a tube and an adjustable cuff (Figure 1e,f) molded to fit around the urethra, a 

pressure-regulating reservoir and a pump. The pressure-regulating reservoir operates with a 

spring-controlled piston mechanism able to move a solution within the hydraulic circuit. The 

advantages of this device are related to low cost, adjustable cuff pressure and component size 

minimization. However, clinical trials did not highlight satisfactory results and the device has not 

been broadly implanted. Another alternative prosthesis is Tape Mechanical Occlusive Device TMOD 

(GT Urological, Minneapolis, MN, USA) [4], (Figure 1g), based on a spring-loaded mechanism able 

to move solution up to an occlusive cuff (Figure 1h,i), applying pressure around the urethra. Up to 

now, TMOD has been studied in a canine model and human cadavers, while clinical trials are in 

progress. More recent devices include Victo (Promedon, Córdoba, Argentina), which is based on the 

same working principle of AMS800, showing a modified cuff conformation (Figure 1l) [5,6], and 

Artus (MyoPowers Medical Technologies France SAS, Besançon, France), based on a smooth 

segmented silicon cuff that is individually actionable and adjustable with a remote control (Figure 1m). 

This device has already undergone first clinical studies [5,7] and seems promising due to a 

combination of new operational concept and optimized cuff design.  

Nonetheless, at present AMS 800 remains to be considered the most safe and reliable 

treatment for stress UI [3,5−10], and is the most frequently used worldwide. Despite positive 

post-surgery outcomes, a relevant portion of patients requires revision surgery, due to 

complications including infection, urethral atrophy, erosion, and mechanical failure. These 

negative side effects are reported in clinical studies but are not investigated from a mechanical 

point of view. Considering its mechanical behavior, urethral duct is characterized by low stiffness 

and viscoelastic properties [11,12]. In order to occlude the urethra lumen against the bladder 

pressure, which can reach values of more than 40 cmH2O, a well-defined occluding action on the 

urethra has to be applied. The natural urethral sphincters are two muscles used to control the urine 

flow out of the bladder. These sphincters are able to guarantee continence for low bladder pressure 

and to exert a higher occlusive action to support the sudden increase of internal pressure, for example 

during cough, avoiding incontinence. In case of SUI, such occluding action can be produced by the 

AUS which must guarantee occlusion during all daily activities. Consequently, the occluding actions 

are usually elevated and protracted for a long period of time, determining a non-homogeneous strain 

field within urethral tissues. The value of strain may overcome 30% and can cause inflammation, 
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atrophy and erosion phenomena. The specific occluding action that is required to close the urethra 

also depends on the AUS cuff structural conformation, as reported [13,14]. Actually, a successful 

treatment depends on the mechanical interaction between AUS cuff and urethral tissues.  

 

Figure 1. AUS devices: AMS 800 (a), with details of the deflated (b) and closed inflated 

cuff (c); ZSI 375 (d), with details of the deflated (e) and inflated cuff (f); TMOD (g), 

with drawings of the open (h) and closed cuff (i); Victo (l); Artus (m). 

AMS 800 cuff is chosen as reference in this work and is characterized by means of 

physicochemical and mechanical tests, addressed to the definition of a constitutive model of the cuff 

material. Several geometric configurations of the cuff, respectively deflated and inflated with 

pressures of 15, 30, and 50 cmH2O, are acquired by Computed Tomography (CT). This technique is 

increasingly used in geometrical metrology by non-destructive procedures to perform dimensional 

measurements with high accuracy and is capable for detailed three-dimensional geometrical models 

reconstruction [15−20]. CT data are assumed for the definition of the numerical model. The model is 

validated comparing CT images of the inflated cuff and the correspondent numerical results. This 

numerical model is applied for the investigation of urethral tissues response using AUS by a 

computational approach [14,21]. 

2. Materials and methods 

2.1. Morphological and physicochemical characterization 

The experimental investigation was developed using a cuff provided by Boston Scientific. The 

sphincteric cuff is made up by a polymeric blister joined with a fiber-reinforced layer. To investigate 

these materials, morphological and physicochemical analyses were carried out. Preliminarily, the 
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intact cuff was observed via optical microscopy (ZEISS Stemi 2000-C, Carl-Zeiss, Germany) with an 

Axio-Cam ERc5s photo camera, aiming at a definition of cuff conformation. Moreover, in order to 

evaluate cuff surface morphology, concerning both the polymer layer and the fiber-reinforced layer, 

samples were investigated by means of Environmental Scanning Electron Microscopy (E-SEM, FEI 

Quanta 200, FEI Company, USA). Energy-Dispersive X-ray Analysis (EDAX), also for an elemental 

analysis of the components, thus getting a primary evaluation of their chemical composition. 

The cuff was cut in portions. Two samples (blister sample: 9 mm × 9 mm; cross section of 

fiber-reinforced layer: 1.5 mm × 9 mm) were analyzed by Fourier Transform Infrared Spectroscopy 

(FT-IR) by means of a NicoletTM iSTM 50 FT-IR Spectrometer with built-in ATR (Thermo Fisher 

Scientific™).  

2.2. CT scanning 

The metrological CT system (Nikon X-Tek MCT225) equipped with a micro-focus X-ray 

source, a 16-bit detector with 2000 × 2000 pixels, and a high-precision manipulator is 

temperature-controlled (20 ± 0.5 °C) and reaches acceleration voltages of 225 kV [22]. The AMS800 

cuff was scanned at air pressures of 0, 15, 30, and 50 cmH2O to evaluate the mechanical response, 

considering the maximum value reached with the open fluid-filled cuff during experimental activities. 

The CT measurement procedure consisted of three main steps, as acquisition of bi-dimensional X-ray 

projections of the sample at homogeneously distributed angular positions between 0 and 360° (with 

angular step equal to 0.24°), three-dimensional reconstruction of a voxel-based geometrical model 

and surface determination [22]. To avoid the impact of gravity onto cuff’s shape, the sample was 

placed on a high precision rotary table after being oriented in vertical position using a support made 

of carbon fiber reinforced polymer, chosen according to low X-ray absorption. The parameters used 

for CT scanning are reported in Table 1. After the X-ray projections were collected, a 3D virtual solid 

model of the investigated cuff was reconstructed by means of a filtered back-projection algorithm [23]. 

The achieved voxel size was 37 µm. The surface determination procedure was performed using the 

software VGStudio MAX 3.1 (Volume Graphics GmbH, Germany), applying a local adaptive 

thresholding method in order to define the material boundaries with sub-voxel accuracy [24]. Local 

adaptive thresholding chooses threshold values for every pixel in the image based on an analysis of 

its neighboring pixels, as described in [24]. This procedure has been chosen with the final purpose to 

define a 3D model of AUS cuff. 

Table 1. CT scanning parameter. 

Parameter Value 

Voltage 150 kV 

Current 93 µA 

Power 14 W 

Exposure time 1000 ms 

Nr. of projections 1500 
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2.3. Mechanical tests 

Experimental tests on cuff materials and overall structure, as uniaxial tensile test on samples 

and overall cuff inflation test, were carried out to evaluate the actual mechanical behavior, as a basis 

for constitutive modeling. Material mechanical characterization was carried out by a Bose 

Electro-Force Planar Biaxial Test Bench Instrument, under displacement control with a precision of 

0.001 mm and using a load cell with a precision of 0.02 N [11]. Rectangular pieces 3 × 9 mm were 

cut from the cuff. Their mean width was determined from five independent measurements each. 

Sample thickness was identified from CT images of the cuff region where each sample was cut. Each 

test was repeated on three samples, by imposing elongation up to 35% strain, which is the maximum 

strain value measured in CT images when the cuff is inflated at high pressure. For each experimental 

test, nominal stress (σ) together with nominal strain (ε) were measured and, for each group of test 

repetitions, the mean values and standard deviations (SD) were calculated. 

The structural behavior of the cuff was analyzed by inflation tests [11,12,25−28] and used for 

the validation procedure. Details about the inflation protocol are reported as follows [14,21]. Sample 

experimenting was performed by continuous inflation of saline (0.9% NaCl, room temperature) at 

0.5 mL/s inflation rate [21] up to full filling of the cuff, which was achieved at 4 mL. The overall 

inflation test was repeated three times. 

2.4. Numerical model 

Data from CT was subsequently elaborated by 3D CAD software (UGS NX 6; Siemens PLM 

Software, Munich, Germany) to define a virtual solid model. The solid model was discretized into 

the finite element pre-processing software Abaqus/CAE 6.14 [29]. Different models were developed 

assuming incremental mesh refinement using 4-node tetrahedral elements. Numerical analyses were 

performed comparing the results, aiming at a sensitivity analysis with regard to mesh conformation. 

The final configuration was of about three hundred thousand degrees of freedom providing a 

numerical model capable of interpreting the mechanical behavior with suitable accuracy and minor 

computational cost. For the polymeric blister, considering the results from the tensile tests, an 

isotropic hyperelastic formulation [30] was assumed:  

     
2

1 1 3 1vW C I K J   C         (1) 

where C is the right Cauchy-Green strain tensor, 1I is the first iso-volumetric invariant of C , as 

 2 3

1 tr  CI J and J is the deformation Jacobian, as  det CJ . The volumetric stiffness is related 

to the constitutive parameter vK , as 2 vB K , while shear stiffness is defined as 
12G C  [30]. 

The mechanical behavior of the reinforced layer was defined using a fiber-reinforced 

hyperelastic model based on the contributions of two fibers families along the principal directions of 

the reinforcing mesh. The following general formulation of the strain energy, divided in the isotropic 

matrix (Wm) and the fibers (Wf) [31−33] contributions, was defined: 

     0 0,
i

i i

m fW W W  C C C a a         (2) 
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     
2

1 1 3 1m vW C I K J   C         (3) 

        
2

0 0 4 4 4 4 4 4, exp 1 1 1
i

i i i i i i i i

fW C I I          
   

C a a
 

  (4) 

where 0

i
a are the fibers direction, resulting from morphological characterization. The structural 

invariant 4

iI  is defined as  4 0 0:i i iI  C a a , while the constitutive parameters 4

iC  and 4

i  

describes the i
th

 fibers family initial stiffness and the increase of fibers stiffness with stretch, 

respectively. 

The discrepancy between model results and experimental data from tensile tests was 

evaluated by a cost function [33], whose minimization was performed by a 

stochastic-deterministic procedure [28,31,32]. The constitutive parameters identified were the same 

for the isotropic contribution of the polymeric blister and the reinforced layer (Table 2). 

Table 2. Constitutive parameters of AUS cuff and the corresponding values of the cost function. 

 Kv C1 C4 α4 Cost Function 

polymeric blister 8.920 MPa 0.361 MPa − − 0.013 

reinforced layer 8.920 MPa 0.361 MPa 6.470 MPa 1.520 0.020 

Numerical analysis has been developed to simulate the inflation tests in order to validate the 

model developed by comparison with experimental data. A fluid-filled cavity was defined by the cuff 

inner surface [14,21]. Inflation process was simulated by defining a flow rate corresponding to the 

experimental condition. Numerical computation was performed by a HPC server equipped with two 

Intel Xeon E7 8890 v4 and 256 GB RAM. The analysis was developed by using 4 cpus and lasted 

about two hours. 

3. Results  

3.1. Cuff materials and morphology 

During surgery, the blister of AUS cuff is positioned in contact with urethral tissues when the 

cuff is wrapped around the duct, while the fiber-reinforced layer is kept outwardly. The 

fiber-reinforced layer is based on mesh embedded in a polymeric matrix, as shown in Figure 2a. 

SEM analysis was carried out on the polymeric blister and on the fiber-reinforced layer. The 

transversal section of the fiber-reinforced layer was also observed, to get an insight on the 

reinforcing mesh material and conformation. The outer surface of the polymeric blister is smooth and 

homogeneous, while the outer surface of the fiber-reinforced layer is slightly rougher. A detail of the 

fiber conformation (Figure 2b,c) shows the multifilament structure of the fiber, composed by 

filaments with a diameter of about 30 µm. EDAX analysis was carried out to get qualitative data on 
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the elemental composition of the blister and fibers as shown in Figure 2d. The EDAX spectrum on 

the blister revealed chemical elements that are ascribable to polydimethylsiloxane (PDMS), in 

accordance with data reported in AMS800 technical datasheet. Differently, EDAX analysis of the 

fiber showed the presence of oxygen and carbon, as for several polymeric materials. Further 

chemical analysis was performed for a more accurate identification. Indeed, the analysis of the 

physicochemical properties was enhanced through FT-IR, to highlight the constituent materials. 

FT-IR spectra, shown in Figure 2e, confirmed that the main polymeric materials used in cuff 

manufacturing is PDMS [34−36]. The FT-IR spectrum of a fiber presented the main characteristic 

bands of polyethylene terephthalate (PET) [37−39]. This analysis provides additional data which are 

not commonly reported in AMS800 technical datasheet. 

 

Figure 2. Scheme of a transversal section of the cuff and optical image with the 

reinforcing mesh (a). SEM images of cross-sections of the fiber reinforced layer (b,c). 

EDAX (d) and FT-IR (e) spectra acquired at cuff surface and filament regions. 

CT scan provided an accurate three-dimensional geometrical model of the cuff in the deflated 

configuration (Figure 3a), as well as specific dimensional measurements. The software VGStudio 

MAX was used for the evaluation of wall-thickness and internal distance between surfaces. The wall 

thickness at selected sections were reported in (Figure 3b).  
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Figure 3. Computer tomographic data, as different views of the geometrical model of the 

cuff with indicated sections A-A, B-B and C-C (a) and contour of the material 

wall-thickness at the corresponding sections (b). 

3.2. Mechanical properties, constitutive and numerical modeling 

Results of tensile tests were reported for the cuff at the fiber-reinforced layer (Figure 4a) and the 

polymeric blister (Figure 4b). The fiber-reinforced layer exhibited a nonlinear mechanical behavior, 

with an increasing stiffness that is correlated with the reinforcement of PET network within the 

PDMS ground matrix. Differently, the blister was characterized by a continuous non-linear 
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mechanical response, with much lower stiffness. The mechanical characteristics for silicone 

materials can vary considerably and a sensitivity analysis was performed to investigate the effects of 

its variation on the overall cuff response, also considering fibers contribute. The values assumed on 

the specific case considered, reported by means of the constitutive material parameters, depend on 

average data form mechanical test associated with data in literature, but keeping in mind that the 

most relevant aspect, from structural point of view, is related to the geometric conformation, that was 

deeply investigated by CT imaging and accurately reported.  

 

Figure 4. Position of cut samples for tensile tests from specific regions of the cuff (a). 

Tensile response in terms of mean nominal stress vs. nominal strain for the 

fiber-reinforced layer (b) and the polymer blister (c). Experimental mean data ± SD are 

compared with model results. 

The numerical model of the cuff, obtained by the virtual solid model, was reported (Figure 5). 

Inflation experimental activities led to pressure data, related to the volume imposed history. The 

distribution of pressure vs volume data and numerical results were compared (Figure 6a), showing a 
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valid agreement. The maximum pressure condition was 50 cmH2O. The contour of the displacement 

magnitude of the cuff was reported for the pressures of 15, 30 and 50 cmH2O (Figure 6b). The 

validation of the numerical model was obtained also comparing the numerical results with the data 

obtained by CT scan at selected pressures (Figure 7). The internal distance between surfaces and the 

conformation of the cuff in the numerical model was compared by the CT scan data, at the intersection 

named as D-D, E-E, F-F (Figure 7) reported on section A-A (Figure 3), at 15, 30 and 50 cmH2O. The 

discrepancies between the CT data and model results were reported in terms of percentage error. At 

section D-D the error was less than 2% while at sections E-E and F-F the error was of the order of 2.5%. 

The good agreement between data from experimental tests and numerical results proved the reliable 

interpretation of the mechanical response of the cuff. 

 

Figure 5. Finite element model of the cuff, reporting selected sections A-A, B-B and C-C, 

according to Figure 3.  

 

Figure 6. Comparison of experimental data (mean ± SD) and numerical results for 

inflation tests (a). Contour of displacement magnitude at selected pressure intensity on 

the section B-B (b).  
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Figure 7. Validation procedure by comparison of CT data (a) and numerical results (b) 

during the inflation test, at selected pressure values on the section A-A. Indication of the 

sections D-D, E-E, F-F for the measure of the distance between internal surfaces. 

4. Discussions 

In this work, the experimental and computational approaches are combined to develop a finite 

element model of AUS cuff, aiming at providing tools for the in vitro and in silico investigation of AUS 

reliability during the interaction between prosthesis and urethra. The adopted procedure consists in 

subsequent steps including material and geometric characterization of the cuff (Figures 2–4), definition 

of a solid and numerical model (Figure 5) and validation by comparison of numerical results with CT 

images of inflated cuff (Figures 5 and 6). 

The definition of the constitutive formulation developed is essential for the numerical analysis 

and is performed in the light of the specific experience in this area [14,25,31,33]. Results from 

physicochemical and mechanical testing represent a reference term for constitutive modeling. 

However, a limitation of this study is related to the experimental data acquired by mechanical tests, 

which do not take into account time-dependent behavior. Finite element discretization of the cuff that 

is assumed in the light of a sensitivity analysis, considering the best compromise between reducing 

computational cost and increasing accuracy. Model validation is achieved comparing the 

measurements provided by CT scanning of AUS cuff inflated at selected pressure levels and the 

corresponding numerical results. This approach enables to obtain a reliable numerical model able to 

interpret AUS cuff mechanics for in silico trials.  

The approach can be applied to further artificial sphincters on the market and under 
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development. For example, severe fecal incontinence is generally treated by the implantation of an 

artificial sphincter composed of a fluid-filled cuff [41]. As for the AMS800 cuff, the geometrical and 

mechanical parameters are crucial and can be characterized by in silico analysis. 

This work is part of extended research activities addressed to biomechanical analysis of 

prosthetic devices for urinary incontinence. In the frame of this topic, the urethral tissues were 

characterized with comprehensive experimental activities and numerical modelling [12,26,28]. To 

consider ageing and pathological conditions, a specific investigation has been carried out evaluating 

different urethral tissue conditions, in accordance with variable stiffness [40,42]. 

The interaction between urethra and AUS cuff has been studied by means of computational 

analysis to identify the AUS pressure that ensures lumen occlusion and the stress distributions within 

biological tissues [14,21]. This investigation entails a detailed knowledge of AUS conformation and 

mechanics achieved through experimental characterization and numerical modelling, as here 

presented. In this work, only AMS 800 is considered, but also other AUS devices can be studied with 

the same approach. Moreover, nevertheless the main application of AUS devices pertain to adulty 

male subjects, the investigation of AUS can be extended to other patients, considering the number of 

females and children that have obtained AUS [43,44]. Despite some limitations, this study offers a 

valid basis for the comprehension of AUS cuff behavior and the development of computational 

analysis of AUS cuff associated to urethral duct. 
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