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[bookmark: _Toc489119293]Summary
The most commonly used indwelling urinary catheter design is the one proposed by Foley in 1930s. This is a closed system, consisting of a tube inserted through the urethra held in place by an inflatable balloon. The catheter is connected to a drainage system which allows drainage of urine from the bladder. These devices were originally designed for short-term use, but they are currently used for long-term treatments. The design has been changed little so far and it is considered obsolete by the scientific community. These catheters are vulnerable to encrustation and consequent blockage due to biofilm crystal deposition. The aim of this study is to characterise the effect of catheter design on urinary flow and to explore the potential role of urodynamics on biofilm development and encrustation. This study focused firstly on the correlations between catheter design, urodynamics and the phenomenon of encrustation using an idealized geometry to validate the CFD model with experimental data; subsequently it was used on a real geometry to study the role of the catheter design on the flow properties. The research hypothesis is that catheter design may affect internal urodynamics, and, as a consequence, the process of biofilm formation. A computer model, mimicking the physics of flow through a catheter, was used to predict and investigate flow near its tip. Model geometries were created based on measurements obtained from  scans of a Foley catheter. The fluid solver used was ANSYS-CFX, and the physical problem was simplified by using water as a fluid which has similar properties of urine during the first stage. During the second part of the study the fluid solver used was a fluid modelling the rheological behaviour of human urine. Predicted values of volumetric flow rate were validated with data previously obtained experimentally. The results showed flow discontinuities in the proximity of the areas were encrustation is believed to start occluding the catheter. Low velocity values were found in proximity of the tip and near the lower edge of the eyelets. Wall shear stress value were also lower where encrustation commonly develops. These results are in good agreement with experimental data in the literature, indicating a possible correlation between urodynamics and encrustation. A parametrized study was also performed to understand the correlations between catheter design and flow behaviour. All the results obtained were then exhaustively analysed and discussed. To conclude this study provides a methodology which could be used to analyse the influence of catheter design and their potential role on the biofilm formation. 
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[bookmark: _Toc489119294]Nomenclature & Acronyms
In this section the nomenclature and acronyms used in the report are listed with the correspondent International System (IS) units.
Nomenclature
	
	Reynolds number

	
	Velocity (m/s)

	
	Kinematic Viscosity (m2/s)

	
	Density of fluid (kg/m3)

	
	Dynamic Viscosity (Pa·s)

	
	Dimensionless vector first node distance from the wall

	1D
	Mono-dimensional

	2D
	Two-dimensional

	3D
	Three-dimensional



Acronyms
	CAUTIs
	Catheters Urinary Tract Infections

	CFD
	Computational fluid dynamics

	LTC
	Long Term Catheterisation

	SI
	International system units

	STC
	Short Term Catheterisation

	UI
	Urinary Incontinence

	WSS
	Wall Shear Stress

	IGES
	Initial Graphics Exchange Specification

	CAD
	Computer-aided Design
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[bookmark: _Toc489119297]INTRODUCTION
For many years, the definition of Urinary Incontinence (UI) has been incomplete and ambiguous. A study performed in 1997 by Hampel et al. [1] analysed 48 surveys and several other articles published between 1954 and 1995, and showed how UI was explained in different ways. The Hampel study highlighted the need for an unambiguous definition to which researches could refer during their studies. A standardised terminology was introduced in 2002 by Abrams et al. [2] who defined UI as “a complaint of any involuntary leakage of urine”. 
Urinary incontinence affects a huge number of people worldwide and it burdens healthcare systems with significant costs. Particularly, UI costs in the UK are on the order of £500m per annum [3]. A yearlong study performed by McGrother et al. in 2004, showed that more than 9 million people in the UK (a third of people over 40 years old) were affected by urinary storage symptoms and more than 5 million required healthcare [4]. Unfortunately, often there are no effective treatments available and the use of incontinence pads, commode toilets or bladder drainage tubes connected to wearable bags to collect the urine is required. The latter is the most common way to deal with UI, however, it is associated to catheter associated urinary tract infections (CAUTIs). Catheters are in some cases wore for long periods and defined as long-term catheterisation (LTC) if in place for more than 28 days [5]. Many patients undergoing LTC suffer from infection-related problems due to encrustation and blockage of their catheters by bacteria aggregation and growth on their surface. Moreover, these patients are prone to other related consequences, as demonstrated by D.J Stickler et al. [6] who showed that catheterised patients are three times more likely to be hospitalised, often require antibiotics, and have a greater fatality risk than non-catheterised patients, despite age or clinical status. CAUTIs sufferers are constantly vulnerable to complications such as:
· Pyelonephritis: This condition occurs when bacteria invade from the bladder one or both kidneys. This happens when persistent bacteriuria (such as in the case of LTC) deforms the bladder wall. This deformation, combined with the inflammatory status of the lower urethral wall, modifies the intravesical pressure and could damage the ureterovesical valve. Under these circumstances, a backward flow of infected urine toward the ureters increases the risk of renal damage [7];
· Bacteraemia: presence of bacteria in blood [8] which is a sterile environment. The detection of bacteria in the blood is an abnormal situation that could cause severe complications;
· Carcinoma of the bladder [6]: this condition occurs when a growth of abnormal tissue, known as a tumour, develops in the bladder lining. This scenario can have serious consequences for the patient, until a possible death.
These examples show how patients undergoing LTC and related CAUTIs are exposed to several complications due to the fact that external microorganisms (i.e. bacteria) can attack the immune system [9,10]. The phenomenon of CAUTIs, in the case of indwelling urinary catheter in fact, is due to the presence of an external device inside the bladder, which could be seen as a bridge between a non-sterile environment and the internal part of the body. In these conditions, bacteria grow on the catheter surface increasing the risk of consequent infection and catheter blockage. Catheter obstruction by encrustation is considered one of the major issues in the long-term management of urinary devices [11,12].
In this study, we studied how the Urodynamics inside the catheter could affect biofilm formation and growth. The analysis of flow properties inside the urinary tract through urodynamic studies is standardly defined as “urodynamic observation” [2]. We used this approach to try to understand the correlation between flow field and the incrustation phenomena. Subsequently, a parametrized study using a fluid with some physical properties as urine determine the role that the catheter design plays on the flow behaviour and properties. A relatively small literature using a purely CFD approach to the problem has been found so far. A study performed by Frawley et al. in 2009 [13] analysed a male urinary Foley catheter with a CFD approach using FLUENT 3.6. The aim of this study was to maximise the flow rate by changing the dimension and position of the eyelets. It demonstrated that the flow rate was affected by the eyelet size. However, the study was related to the use of the external geometry of the catheter instead of the actual flow domain. In this study the CFD methodology has been used to characterise the Urodynamics inside the catheter in a biofilm free environment.

[bookmark: _Toc489119298]MPhil aim and objectives
Aim
Analyse the role of design on Urodynamics and crystalline biofilm.
Objectives
To achieve this goal the project has been divided into objectives listed below:
· Creation of an idealized geometry through a typical catheter;
· To perform the convergence criteria independence study;
· To perform the mesh independence study;
· Validation of the model with experimental data already available:
· Phase 1: Tubes;
· Phase 2: Catheters;
· Utilize the validated model using a fluid with some physical properties as urine and a real geometry by means of a  scan;
· To make some changes on the real geometry aimed to study their effect on the flow properties
· To perform a parametrized study using the validated model aimed to show how the flow behaviour is affected by a design modification near the eyelets;
· To analyse the results obtained;
· To discuss any future possible works to address the biofilm catheter encrustation issue using a modelling approach.

These objectives are investigated throughout the chapters addressing the following aspects:
· In chapter 1 an Introduction of the problem, and the MPhil aim and Objectives are presented;
· In Chapter 2 the Literature Review used during this study is described;
· In Chapter 3 the CFD model of a Foley Urinary Catheter is developed and validated. The methodology used is described and the main results are showed at the end;
· [bookmark: _GoBack]In Chapter 4 a case study of this model is presented and described. It is divided in two main phases. Firstly, five different fixed geometry scenario are analysed where no parameterization was applied. Secondly, three more scenarios are studied where one variable is parametrized for each of them;
· In Chapter 5, the conclusion, key findings, and limitations are revised and some possible future works are proposed;
· In Chapter 6 the references used during this study are listed;
· In Chapter 7 an abstract accepted and presented during the 2016 European Society of Biomechanics (ESB) conference in Lyon (France) is presented. A work presented to a Conference in London and a Paper submitted to the “Journal of Engineering in Medicine” on May 2017 are shown.



[bookmark: _Toc489119299]LITERATURE REVIEW
In this chapter the clinical context is presented, and the biofilm formation process and relative catheter blockage concepts are introduced. An overview of some literature studies and some of the main biofilm models used to reproduce this phenomenon will be given.

[bookmark: _Toc489119300]The Foley indwelling urinary catheter
Every year almost 100 million catheters are sold worldwide and more than 130000 ”urinary” catheters are used per annum in the UK [14]. This, in turn, has a costly economic impact with approximately 3 million people affected by UI [15]. The Foley indwelling urinary catheter is the most commonly used device of its kind. It is a system comprising a tube (typically 220-420 mm in length and 3.92-5.94 mm in external diameter) inserted through the urethra, held in place by an inflatable balloon, and connected to a drainage system. The catheter itself is composed of a tube which includes an inlet channel for the saline solution that fills the balloon and an outlet channel for the urine. Near the tip there are two eyelets (rounded rectangular in shape) from which the urine drains. (Figure 2.1-1)
[image: ][image: ]
Figure 2.1‑1 A male (females are similarly affected to males) urinary tract with catheter in place on the left side and the catheter design on the right. The water from the inlet through the little tube fills the balloon which is just below the two eyelets. The picture shows also a cross section which includes a small circular tube and a bigger semi-spherical one which correspond respectively to the inlet and the outlet.
The Foley catheter, initially designed for short-term catheterization (STC, 1-7 days [5]) and now commonly used also for LTC, was introduced by Dr. Frederick Foley in 1930s [3,16]. Its design has changed little since then and is considered obsolete by many in the scientific community [17,18].

[bookmark: _Toc489119301]The biofilm formation process
The biofilm formation process is characterised by a microorganism community, which grows on the catheter surface [19]. The colonisation phenomenon is well known since it can occur in infectious diseases but also in many different natural environments [20,21]. A paper from 1933 by Henrici [22] represents the first recorded observation of the biofilm phenomenon. Biofilm was defined as a “protected mode of growth that allows cells to survive in hostile environments and also disperse to colonise new niches” [20], and described as a dynamically complex and structured biological system, rather than simply a passive aggregation of cells attached to the surface
[bookmark: _Toc489119302]Biofilm in urinary catheters
The biofilm formation related to urinary tract infections is a biological process that can be subdivided in eight steps. This process is closely related to the length of time in which a catheter is kept in place, and it is dependent on chemical and physical factors combined with environmental changes, flow properties and catheter design. Biofilm growth is also dependent on flow rate, nutrient content and temperature [23]. The first step is (a) the protein adsorption (i.e. adhesion of atoms, ions or larger particles to a surface) on the biomaterial and it is followed by (b) the development of an organic conditioning film on the catheter surface. Once the film is formed, (c) the urease-producing bacteria adhere to the biofilm and (d) a community of bacteria starts to develop biofilm within a bacterial exopolysaccharide matrix. At this point, (e) the pH rise become a crucial factor [24] and (f) calcium and magnesium ions start to bind with the matrix gel. The crystals (g) are then stabilized and can grow and aggregate (h). The process is facilitated by the alkaline urine (pH 8.3-8.6) combined with bacteria attached to the surface [25].
[image: ]
[bookmark: _Ref445892249]Figure 2.2‑1 - Biofilm process inside the Urinary Indwelling Catheter. The key point is the rise of pH which determines calcium and magnesium ions deposition.
CAUTIs is considered an issue which must be controlled and corrected as soon as possible [7,8]. R.C.L Feneley and D.J. Stickler have been studying this phenomena for the last 35 years [27] publishing more than 50 papers. However, CAUTI question is still unresolved. Feneley and Stickler have been analysing the issue mainly from a medical, biological and experimental point of view, trying to understand what exactly happens inside the catheter and how it becomes blocked. The type of bacteria involved in the process of CAUTIs is an important aspect. Feneley and Stickler showed that the rise in pH to alkaline conditions (pH 8.3-8.6) is almost exclusively due to bacteria P. Mirabilis, Proteus Vulgaris and Providencia Rettgeri. High values of pH facilitates the development of biofilm which rapidly encrusts and blocks the catheter [28]. It has also been demonstrated by P. Tenke et al. [29] that the rise of pH due to P. Mirabilis is 6-10 times faster than the rate caused by other species. In fact, preventing a raise in pH levels is essential to reduce catheter encrustation as shown by experimental studies performed in 2008 [30]. Several studies proposed different solutions such as drinking cranberry juice, a bladder washout with saline, an acid or antiseptic solution, using an antimicrobial coating or using an antibiotic treatment. However one of the most common ways to deal with biofilm encrustation is to replace the catheter, which is a painful process for the patient and also a cost for the healthcare system [3,25,31,32]. One of the main results, which helped the scientific community to characterize the encrustation, was to show how crystalline material starts to develop near the tip and below the eye-holes of commonly commercialised catheters [30,33]. The surface roughness facilitates the first phases of bacteria development in which they are trapped in surface irregularities and crevices. Figure 2.2‑2 shows a silicone catheter cross-section, at (a) 1, (b) 4, (c) 6, (d) 12, (e) 22 and (f) 32 cm from the tip, which was removed after blockage.
[image: ]
[bookmark: _Ref445980247]Figure 2.2‑2 - Silicone catheter cross section after blockage [33]
In a recent paper [26], Feneley states “is time for the research founders, the healthcare providers and the regulators to stimulate the scientific, engineering, commercial and clinical communities to meet the challenge” in order to solve this issue.

[bookmark: _Toc489119303]Current catheter designs
The design of a medical device is a complex process, which requires the contribution of a specialised multidisciplinary team. During the design process,  efficacy (i.e. the capacity to drain urine in case of necessity) and safety are the most important aspects [34,35].
The SuPort project [36], founded by the UK government, was a study which involved several professionals in an attempt to deal with CAUTIs issue. The SuPort project, identified how a multi-disciplinary team composed of urologists, material scientists, hydrodynamic experts, ergonomic experts, surgeons, and nurses could find feasible alternative design solutions. Firstly, the project showed how this team used a range of formal design methods in order to develop three medical devices. They then tried to develop feasible design alternatives. Unfortunately this project ended before producing a final device [37].
Currently, a group of researchers which works for a company called Sharklet Technologies, Inc. are trying to produce a new design for a urinary catheter, inspired by the structure of shark scales. Their studies have been focused on the internal catheter surface. The new device would be made with a nontoxic coating surface to reduce the possibility of cells/organisms adhesion without the need for chemical modification or leeching of any substances from the base material. This technology has been tested in marine applications where the bio-adhesion processes of complex organisms such as motile Ulva zoospores of common algae were studied [38,39]. These results (e.g. to reduce Ulva linza zoospore attachment to a smooth substrate) could be seen as scientific proof that reproducing the anatomy of shark skin on a surface usually attacked by bacteria could reduce their adherence on it. This has been an important result that could open new research scenarios, not only in marine applications but also in biomedical devices such as urinary indwelling catheters. The group then performed a study to show how the Sharklet micro-pattern may be a novel concept in addressing the CAUTI issue [40]. Analysing three variations of micro-patterned silicone surfaces versus a smooth silicone control in a static vitro environment, they found that all these three surfaces inhibited E. Coli colonisation, reducing their colony size of the 76%. This study is an evidence that a Sharklet-patterned surface can inhibit bacterial migration inside a Foley catheter. Currently, Sharklet has partnered with Cook Medical to produce the Sharklet Foley Catheter. However, this is a new technology and it would be necessary to evaluate the health economic impact compared with the actual available devices.
[bookmark: _Toc489119304]An overview of Biofilm modelling
Mathematical models can be and have been used to explore biofilm properties and its ability to attach to a surface under particular environmental conditions. These models permit us to investigate how the environment can influence biofilm formation and growth step by step. Mechanistically based modelling of biofilms began in the 1970s [41] and from that time experimental techniques which give a detailed evaluation of the structure and activity of biofilm have advanced significantly. The visualisation of heterogeneous and complex structures in biofilms (e.g., using images from confocal laser scanning microscopy) has triggered the development of a new generation of mathematical models in which the three-dimensional structure of biofilm is simulated [41]. These models have been primarily used for research purposes in order to understand, control, and engineer biofilms in a variety of scenarios, e.g. pollution control, prevention of corrosion and biofouling, minimisation of bacteria regrowth in water distribution systems, biomedical applications and medical devices [42]. The biofilm growth has been modelled in 1D, 2D and 3D and compared with experiments in order to predict the biofilm’s behaviour in various conditions. A review paper of biofilm mathematical models [43] classified, according to their dimensionality, the way in which diffusion is treated and the complexity of the physical, chemical, and biological effects.
A 2009 study by L.R. Band et al. [44] based on a  2D model considered the bladder as a reservoir of fluid (Figure 2.4‑1) flowing through a catheter, which is considered as a rigid channel of length L* and width 2Y*.

[image: ]
[bookmark: _Ref447017995][bookmark: _Ref447017972]Figure 2.4‑1 - System used for the mathematical model where Q1* is the monomers rate and H* the inhibitor particle rate both per unit area. Cb1*(t*) and Cbk*(t*) and hb*(t*) are the spatially homogeneous bulk concentrations of monomers inhibitor and k-clusters (k>=2) particles respectively. Asterisks are used to indicate dimensional quantities
This mathematical model, which is useful in investigating crystal deposition on the catheter surface, is based on the Becker-Döring coagulation theory (i.e. considering the interactions between monomers and clusters as the dominant growth mechanism)[45]. This model analysed biofilm crystal deposition ignoring spatial variation in the bulk concentration inside the bladder. 
D’Acunto et al. [46] developed a 1D modelling method which is currently used and under study at the Department of Mathematics and Applications at the University of Naples. All the analysis considered the generic biofilm growth, with particular attention on new bacterial species in multispecies biofilms. This model could be used as a basis of researches aimed at modelling the biofilm performance in engineering applications. Starting with this work, D’Acunto et al. [47] have continued to develop this model proposing a mathematical modelling approach to study the initial phase of biofilm growth, particularly the population dynamic competition during attachment. A part of this study also provided a numerical simulation to illustrate the model, in the case where a thin layer of biofilm has already formed. Subsequently, using the properties of the model to manage the number of microbial species, biological processes such as the colonisation of new species as they diffuse from bulk liquid to biofilm [48] and the development of latent microbial species within the biofilm [49] were added. D’Acunto et al. studies do not consider a 3D biofilm modelling approach.
The actual catheter geometry is not symmetric and it is strongly three-dimensional. Therefore, it is necessary to integrate a 3D biofilm model as a multiscale framework within the CFD technique. Hence, the Biofilm Research Group at the Delft University of Technology (TUDelft) focused the attention on this feature. This group developed a multidimensional methodology to model the biofilm structure [50,51] which is considered a good starting point for this study. They considered both “positive” processes (i.e. cell attachment, cell division, etc.) and “negative” processes (i.e. cell detachment, cell death, etc.), which are key features during biofilm growth. An accurate balance of these processes allows to simulate biofilms with different structural properties such as surface roughness, porosity or density. The biofilm growth time scale is characteristic of these dynamic processes and it is also different from the simulations used to define the flow field and its properties. This is why a multiscale approach is necessary to develop a catheter model in which the urodynamics and the biofilm growth have different time scales. To solve this issue, they assumed that some processes were in a dynamic or frozen regime, while others were in equilibrium. The model, used for several applications [52–56], was divided in five main steps:
1. The fluid velocity field v was computed at each simulation step by means of the lattice Boltzmann method [57], which solves both the continuity equation (1) and the Navier-Stokes equations (2) over the biofilm.
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where  was the pressure and  was the fluid density. The body forces in equation (2) were neglected since they were considered negligible;
2. The convective-diffusive mass conservation equations (3) were solved as in the first step with the lattice Boltzmann algorithm [57] or with a finite difference algorithm [58].
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where:





3. The concentration of biomass  was calculated using the Herbert-Pirt equation (4) which simulated the biofilm growth:

	
	
	(4)



where  is the rate of biofilm formation;
4. The 3rd step controlled biofilm growth and a redistribution of the new biomass was necessary. They used a cellular automata approach based on discrete rules developed by Picioreanu et al. [59,60];
5. They also simulated the detachment step before the redistribution balancing positive and negative processes. When the biofilm external structure was defined it became the input of the new hydrodynamic step, which was necessary to close the loop.



[bookmark: _Toc489119305]CFD MODELLING OF A URINARY CATHETER TO ANALYSE FLOW-FIELD PROPERTIES 
The aim of this study is to characterise urinary flow in an attempt to establish correlations between catheter design, urodynamics and the phenomenon of encrustation. A computer model mimicking the physics of flow through a catheter was used to predict and investigate flows near its tip. Model geometries were created from micro CT scans of a Foley catheter to create the computational model. The fluid solver used was ANSYS-CFX, and the physical problem has been simplified using the fluid properties of water, a fluid with similar physical properties to urine
[bookmark: _Toc489119306]Methods and materials
In this section the work done and the methods used to perform it are described. Catheter geometries were obtained from  scans of a Foley catheter. The fluid solver used was ANSYS-CFX, and the physical problem has been simplified using the fluid properties of water, a fluid with physical properties similar to urine. Predicted values of volumetric flow rate were validated with data previously obtained experimentally. As the experimental data have been reproduced, contour plots have been compared with some results available in literature, in terms of biofilm formation and its localisation during the first phase of the process [28,30,33,61].
[bookmark: _Toc489119307]CFD approach
Computational modelling enables researchers to predict results of in vivo and in vitro experiments by means of computer-based simulations. Numerical analyses of systems involving fluid flows are commonly known as Computational Fluid Dynamics (CFD). This design methodology has been used since 1960’s in many industrial processes involving fluid analysis. Even though theoretical and experimental approaches are still considered fundamental, CFD integrates several advantages such as time and cost reduction, the ability to perform studies which are difficult to do experimentally and the level of result details.
A CFD analysis consists of five main steps:
1. Computational domain (geometry) definition;
2. Meshing: the division of the domain in a number of points where the solution is calculated;
3. Fluid properties and boundary conditions definition;
4. Solution of the discretised representation of the model;
5. Post processing and validation of results.
In this study a finite volume method solver called ANSYS-CFX [62,63] was used. Fluid characteristics, such as velocity, pressure and flow rate, are defined at nodes and both accuracy of solution and its calculation time are strictly related to the grid (mesh) quality and its fineness. ANSYS-CFX can be used to solve the equation of continuity (5) and the Navier-Stokes equation (6) for incompressible steady flow:

	
	
	(5)



	
	
	(6)



where , , , and F represent the velocity, the pressure, the fluid density, the fluid viscosity and body forces, respectively. In the view of reproducing experimental unpublished results (experiments done by Melis. A et al at The University of Sheffield), the fluid was modelled as water and the geometry was drawn to resemble the experimental setup. The system consisted of a reservoir mimicking the bladder connected to a straight rigid tube (which could be either a tube or a proper catheter). The known data were the height of water inside the reservoir (h = 0.05 m), the tube/catheter internal diameter (d) and its length (l), (Figure 3.1‑1).
[image: ]
[bookmark: _Ref446942986][bookmark: _Ref446942958]Figure 3.1‑1 - Model which mimics the experimental setup
A pressure was applied at the inlet, which coincides with point 1 in the scheme shown in Figure 2.2‑1.
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where  was the head pressure due to the water inside the reservoir and  the atmospheric pressure. The last term  considered the body forces in the model below the point 1. Atmospheric pressure was applied at the outlet which coincides with the point 2:

	
	
	(8)



The non-slip condition (i.e. zero normal velocity at the wall) was imposed on the tube and catheter surfaces.
Simulations were carried out using ICEBERG the University of Sheffield's central High Performance Computing (HPC). ICEBERG specification are shown in Table 3‑1. 
	Total CPUs
	3440 cores

	Total GPUs
	16 units

	Total Memory
	31.8 TBytes

	Permanent Filestore
	45 TBytes

	Temporary Filestore
	260 TBytes

	Physical size 
	8 Racks

	Operating System
	64-bit Scientific Linux


[bookmark: _Ref488514129]Table 3‑1 - ICEBERG specifications
Serial calculations in batch mode were used to perform the analysis at one of the INSIGNEO nodes.
[bookmark: _Toc489119308]Geometry
During the experiments six tubular geometries and three different catheters sizes were used. The study was then divided into two different phases in which the geometry was changed. In the first phase, a simple straight tube was used for validation, the turbulence model and the use of the CFD tool. The second phase was performed using a catheter realistic geometry, for which a CT-scan was acquired. However, it was decided not to use the CT geometry directly because a parameterization was required. Therefore, an idealized realistic geometry was designed. In the following paragraphs the two steps are analysed separately.


TUBES
From the experimental data, internal diameters and length of the tubes were available as shown in Table 3‑2:
	Tube
	Internal diameter [mm]
	Length [cm]

	1
	1.6
	32.0

	2
	2.0
	32.0

	3
	3.2
	32.0

	4
	4.0
	31

	5
	4.8
	32

	6
	5.92
	25.6


[bookmark: _Ref447458671]Table 3‑2 - Tubes used during the experiments and their proprieties
The geometry of these tubes was generated on SolidWorks 2015/2016 (©Dassault Systemes, SolidWorks Corporation).
CATHETERS
In this case, the experimental data provided the catheter and consequently both external diameter and length. Diameter units are usually given on French scale or French gauge, which are used to measure the size of a catheter. French size (Ch) is three times the external diameter in mm, i.e. a Ch18 catheter has an external diameter of 6 mm. The three different devices used and their properties are shown in Table 3‑3:

	Catheter
	Brand
	Ext diameter [Ch]
	Length [cm]

	1
	Covidien
	14
	42.0

	2
	Covidien
	16
	42.0

	3
	Covidien
	18
	42.0


[bookmark: _Ref447466562]Table 3‑3 - Catheters used during the experiments and their proprieties
The catheter internal flow is related to the catheter internal diameter and shape. However, the internal cross-section does not have a standard shape but presents an asymmetric semi-circle geometry (Figure 3.1‑2A). In this study, it was decided to use a circular shape (see Figure 3.1‑2B) with an equivalent cross section equal to the actual catheter. By using the catheter length and its volume (experimentally measured), the equivalent internal diameter was computed. To account for uncertainty in the experimental measurements (repeatability), the same measurement procedure was repeated 10 times. The obtained values were subsequently averaged. Internal diameters calculated experimentally for the three different catheters are illustrated in Table 3‑4.
[image: ]
[bookmark: _Ref447469841]Figure 3.1‑2 - Cross section of the catheter: (A) cross-section observed experimentally, (B) cross-section simplified for computational simulations as calculated from the external diameter

	Catheter
	Ext diameter [Ch]
	Ext diameter [mm] 
	Length [cm]
	Int. diameter [mm]

	1
	14
	4.667
	42.0
	2.312

	2
	16
	5.333
	42.0
	2.776

	3
	18
	6
	42.0
	3.263


[bookmark: _Ref447636426]Table 3‑4 - Internal diameter values for the catheters used
The next step was to create a geometry for the eyelets. Their real shape is not standard since they are handmade. Catheters with the same diameter, unfortunately, have slightly different shapes in terms of eyelets and this is a critical aspect when a standardised geometry is required. The same geometry for both the eyelets was considered, therefore a standard shape for all the three catheters was created. An elliptical shape was chosen as it was necessary to have a geometry which would change automatically once a different internal diameter was considered. The two ellipses created to simulate the eyelets have the following properties:

						[image: ]

Where:
,				

The catheter wall thickness was measured ten times with a calliper and the mean value was taken. All the other internal dimensions were defined as a function of the internal diameter. Hence, the entire geometry was parameterised with respect to the internal diameter (Figure 3.1‑3):
[image: ]
[bookmark: _Ref447634233]Figure 3.1‑3 - Longitudinal and transversal-section of the urinary catheter geometry used during the ANSYS-CFX simulations
A CT scan was performed in order to exactly capture the fluid domain. This geometry was not used directly for the simulations because one of the objectives is to perform a study in which the geometry would be changed. This geometry was used to validate the dimensions defined beforehand. A comparison between the CT scan and the catheter created on Solidworks is shown in Figure 3.1‑4. . The image is focused on the tip, where the shape changes.
[image: ]
[bookmark: _Ref447636151]Figure 3.1‑4 – The CT scan (A) and Solidworks (B) geometry of the Foley catheter
[bookmark: _Toc489119309]Fluid properties
The SolidWorks geometries were imported into ANSYS-ICEM for meshing. Before creating the mesh, it is always necessary to define the flow properties in terms of turbulence. A Newtonian laminar flow does not require a very refined mesh, but it is able most of the time to accurately reproduce the physics. In the case of turbulent flow, the grid must be generated in accordance with the turbulence model used to perform the simulation. Using a laminar model for a turbulent flow, indeed, does not guarantee the convergence of the solution.
The flow turbulence is defined according to the value of the Reynolds number (). An internal flow can be defined as laminar when the value of  is lower than 2300. If  is between 2300 and 4000 the flow is considered transitional. Eventually, if  is greater than 4000 the flow is turbulent [64]. The  number is calculated using the characteristic length of the geometry used. This is a value usually known a priori, and in this study it is the internal diameter. This number includes also fluid properties such as the velocity (), the kinematic viscosity () and the density of the fluid used ():

The  number was calculated for all the tubes and all the catheter used during the simulations. Since its value depends on the internal diameter and the flow velocity, the results obtained are different for each case and are reported in Table 2‑4. The velocity was calculated based on the flow rate obtained experimentally.

	Tube diameter [mm]
	
	Catheter internal diameter [mm]
	

	1.6
	1091
	Ch14
	2718

	2
	2254
	Ch16
	3012

	3.2
	4591
	Ch18
	4493

	4
	5347
	
	

	4.8
	6296
	
	

	5.92
	8564
	
	


[bookmark: _Ref447712420][bookmark: _Ref447712406]Table 3‑5 - Reynolds numbers related to the tubes and catheter used during the CFD simulations
The results show that the  number is greater than 2300 in all cases, except for the tubes with 1.6 and 2 mm as internal diameter. This would imply the necessity to solve the CFD problem using a turbulence model. However, a laminar model was used, in order to understand the behaviour in terms of flow rate (this was the physical quantity measured previously experimentally) compared to the turbulence models. Depending on the fluid model employed, a different mesh with different properties was required.


[bookmark: _Toc489119310]Mesh
The characteristics of a turbulent flow are drastically different from the ones of a laminar flow. The main differences are near the wall where strong gradients related to the dependent variable increase the computational cost of the analysis. The velocity in these areas, for example, changes rapidly as shown in Figure 3.1‑5.
[image: ]
[bookmark: _Ref447717503]Figure 3.1‑5 - Velocity profile near the wall in case of turbulent flow
Representing a numerical solution in processes with turbulent flows raises several problems, such as how to consider the viscous effects at the wall or how to find the solution of flow variables within the turbulent boundary layer. Figure 3.1‑6 shows boundary layer properties used to consider the flow behaviour near the wall by software such as ANSYS-CFX (usually the shape is the same for all flows). Moreover, the following formula is used to define a priori the first layer distance from the wall  when the  suggested for the turbulent model used is known: 

	
	
	(9)



where  is the kinematic viscosity and  is the known dimensionless distance vector dependent on the turbulent model used.  is the velocity on the wall calculated using the empirical value of predicted wall shear stress  (11).
Equation (9) permits to predict near wall cell size and to capture, therefore, all the needed boundary layer information according to the turbulence model used during the analysis. The  is a key parameter during the simulations.
Figure 3.1‑6 considers the following boundary layer properties:
· Logarithmic scales;
· Dimensionless velocity such as  where ;
· Dimensionless wall distance vector called 

[image: ]
[bookmark: _Ref447730021]Figure 3.1‑6 - Boundary layer properties described with dimensionless quantities [65] 
Once a simulation for a turbulent flow is required, the way to proceed is different depending on whether the information near the wall is important or not. The viscous sublayer is the area with greater gradients, which could be solved in two different ways using the ANSYS-CFX software:
· The wall-function method: It is the easiest one and based on empirical formulas. It does not resolve the boundary layer, however it imposes appropriate conditions near to the wall. This feature allows the user to create a coarser mesh in this region, which is still able to model high gradients and, as a consequence, to save computational resources;
· The Low-Reynolds method: This is the most accurate and it is able to define all the properties in detail within the boundary layer profile. To do that it is necessary to generate a mesh with a number of nodes which increases in a direction perpendicular to the wall. It is necessary also to guarantee that at least one point of the mesh is inside the viscous sublayer. 
The dimensionless distance vector between the first node and the wall called  is defined for each turbulent model. With this value it is possible to re-arrange equation (9) and calculate that distance in SI units. Furthermore, knowing the first layer of the grid cell (Figure 3.1‑7) means a reduction in the need to re-mesh the domain every time that the flow field solution is computed.

[image: ]
[bookmark: _Ref447793444]Figure 3.1‑7 - Meshing differences between a wall-function and low Reynolds approach
In order to calculate  the skin friction based on a pipe diameter  number has been calculated using the following formula (10). The theorem which considers the change of the momentum carried by the fluid due to the friction between fluid and a solid is the base from which the skin friction is considered [64]. Taking into account the boundary layer modelling, it is necessary to consider this parameter. In literature it has been defined empirically by several authors and the following one is suggested by the ANSYS documentation in case of a pipe [65]. 

	
	 
	(10)



Once the skin friction was known the wall shear stress  can be predicted

	
	
	(11)



where  is the undisturbed velocity inside the pipe (i.e the velocity  calculated inside the tubes and the catheters). The velocity  is

	
	.
	(12)



Eventually, the first cell height can be calculated from equation (13) considering the  value

	
	
	(13)



Equation (10) gives the value of the first cell height in meter which guarantee the correct  depending on the turbulent model used. A brief introduction to the models utilised in this study is given in the following paragraphs. Each of them requires a different value of  in order to be used properly.
	Model
The  is a model that guarantees strong stability and is considered the standard model for industrial applications. Accuracy and robustness are peculiarities of this model, which is based on the wall-function approach and is able to predict many different flows in engineering contexts. However there are some cases in which other models could give more accurate solutions and are able to better simulate the fluid dynamics. For instance, the  model is not able to solve low turbulent  number computations properly. Moreover, to model the area closest to the wall using  it is necessary to use damping functions, which are incorporated in ANSYS-CFX, refining the grid resolution appropriately. As a result a value of  is required. Other cases in which this model may not give the best solution could be when a layer separation occurs within the boundary or there are sudden changes in the mean stream rate. Moreover, also in the case of flow which is rotating or which has strong curvatures, it could be necessary to use more appropriate models [63]. During the transition between laminar and turbulent behaviour other model could give a more accurate solution, and in some cases depending to the catheter diameter other models could be better. During the study the flow rate solution has been the driving choice since the experimental data available were based on this parameter. In future studies a full simulation with another model and a consequent comparison could give a more accurate solution.
	Model
To bypass the problems related to the  approach another model has been developed and can be used with ANSYS-CFX which is called  model. It is able to appropriately predict low turbulent  number flows with good numerical stability. However, to guarantee a good solution a value of  is required when a near-wall treatment is required [63]. This model has been chosen, since it is the optimal in cases of large curvatures such as in the tip of the catheter, around the eyelets.
In this study, simulations with all three models mentioned in the previous paragraphs were performed. To do that the mesh was created in accordance with the guidelines. For the laminar model the mesh used was the one used for the  since this was the most refined near the wall. This guarantees an accurate solution.


Convergence criteria study and mesh independence study
Once the mesh was created, a convergence criteria independence study and mesh independence study were performed for each catheter and each tube, in order to choose the best possible mesh. The physical values monitored for each geometry where:
· Flow rate at the outlet ;
· Maximum velocity along the catheter 
· Wall shear stress .
The study for one geometry started with the creation of 5 different meshes with different properties in terms of maximum elements and number of layers, but maintaining the same value of . For the convergence study the residuals have been changed starting from  to . When a relative difference less than  between the last two values was achieved the “convergence study” was considered complete. The mesh independence study was then performed using those values calculated for each mesh. To do that the same procedure used for the convergence criteria independence study was used. Once the relative difference between the last two meshes was less than , the mesh independence study was considered complete. An example of result is shown in Figure 3.1‑8.

[bookmark: _Ref447817740]Figure 3.1‑8 - Physical values of maximum outlet pressure against the number of mesh elements for one case of study during the simulations
Mesh properties for each catheter obtained after the convergence and the convergence criteria independence studies for laminar,  and  are reported in Table 3‑6.
	
	Catheter
	Tot ele.
	Tot nod.
	Max ele. [mm]
	y [mm]
	Ratio
	Boundary Layers

	Laminar
&

	Ch14
	536450
	196450
	0.0005
	
	1.5
	8

	
	Ch16
	2443517
	820374
	0.0003
	
	1.5
	10

	
	Ch18
	2625266
	894973
	0.0003
	
	1.7
	10

	
	Ch14
	1742731
	622225
	0.0003
	
	1.2
	10

	
	Ch16
	2283487
	793242
	0.0003
	
	1.3
	10

	
	Ch18
	2607909
	892181
	0.0003
	
	1.3
	10


[bookmark: _Ref447822381]Table 3‑6 - Catheter proprieties in all the cases analysed

In Figure 3.1‑9 an example of the mesh obtained for one of the catheters used is shown:
[image: ]
[bookmark: _Ref447812006]Figure 3.1‑9 - An example of one mesh created in ICEM which has been used during during the simulations with ANSYS-CFX
To achieve the correct mesh for each geometry as shown, it was necessary to perform 60 simulations for each tube and 90 for each catheter which means in total 630 simulations carried out on ICEBERG (see Table 3‑1 for details).

[bookmark: _Toc489119311]Results
In this section the results obtained so far are presented. In the following paragraphs they are divided in two different phases:
· Phase 1: Tubes;
· Phase 2: Catheters.
Furthermore, contour plots of the catheter flow rate and shear stress are compared with the results of the experiments found in literature. These outcomes show how the models used (including both boundary conditions and mesh) are able to reproduce the physics and the urodynamics inside the catheter. The chapter starts with an overview of the experimental results obtained in a previous project, which were used to validate the models. These experiments considered both tubes and catheters.
[bookmark: _Toc489119312]Experimental data
The experimental data, used in this part of the project to validate the numerical results, was collected at The University of Sheffield in 2015. The aim was to minimise the visual impact of the drainage tubes by reducing their internal diameter, validate current standards and build knowledge to inform the development of new standards. This was not strictly related to biofilm formation and the aim of the present research. The analysis was subdivided in four phases and two of them were on reproducing the flow rate both inside straight tubes and catheters. This was done accordingly to the standards BS 1616 and BS 8669-2 which require and specify a minimum value of flow rate [66,67]. Following these guidelines, the corresponding results reproduced the real system accurately. In this analysis these results were used to validate the computational model in terms of flow rate.
Phase 1: Tubes
The aim of this phase was to measure flow rates in drainage tubes of different diameters under the standardised pressure head of 5 cm. These outcomes were then compared with a theoretical/analytical study, performed before the experiments. The results from the study were used to validate the CFD procedure in terms of physics, meshing and flow rate. The results of the experiments are reported in Figure 3.2‑1.
[image: ][image: ]
[bookmark: _Ref446075238][bookmark: _Ref446075222]Figure 3.2‑1 - Experimental and theoretical results for 6 different tubes.
Phase 2: Catheters
In this case the flow rate was measured using a catheter currently on the market and in use in real cases of UI. The pressure head used was the same as in phase 1 (5 cm) and the results are reported in Figure 3.2‑2.
[image: ][image: ]
[bookmark: _Ref447889726]Figure 3.2‑2 - Experimental results for three different catheters
[bookmark: _Toc489119313]CFD Phase 1: Tubes
The tubes were used only to validate the methodology from which the results were obtained. This validation in terms of flow rate guaranteed a good basis for phase 2 where the catheter was used and in which the geometry was not a standard one such as in case of simple tubes. In the case of the tubes only the laminar and the  models were used. The graph in Figure 2.2‑3 shows the flow rate in the outlet section for the two different models utilised during the simulations:


[bookmark: _Ref447892156][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 3.2‑3 - Results in terms of flow rate for the six tubes used during the simulation with ANSYS-CFX
The  model is the one that guarantees the best solution. All the values obtained with that model are closer to the data in the experiments in comparison with the laminar one. This was something expected since the flow was turbulent For the tubes 1.6 and 2 the Re number was respectively 1091 and 2253, and the laminar model is enough to reproduce the correct behaviour. However for the next step, where the Re number for all the three catheter considered (based on either experimental measurements or analytical calculation) is shown in Table 3‑7, the  model was used.


[bookmark: _Toc489119314]CFD Phase 2: Catheters
As in phase 1, the flow rate calculated at the outlet section of the catheter in comparison with the one obtained experimentally is shown in Figure 3.2‑4. In this stage, the simulations were performed for all the three models (Laminar,   and ) since the large curvature near the tip could affect the quality of the solution. However, looking at the results obtained, the  model is still the one which best simulates the experimental data in terms of flow rate. The overall trend is followed in all three cases, which means that the physical problem abides to the models.

[bookmark: _Ref447930002]Figure 3.2‑4 - Results in terms of flow rate for the three used during the simulation with ANSYS-CFX
The Re number for these three cases is shown in Table 3‑7
	Catheter
	Re (experimental D)
	Re (analytical D)

	Ch14
	2718
	2138

	Ch16
	3012
	2636

	Ch18 
	4494
	3960


[bookmark: _Ref489112262]Table 3‑7 Reynolds number for the three catheters
The 3D contour plots of velocity along the mid-plane of the catheter and the contour plot of wall shear stress in the whole domain were generated and compared with the experimental study of Morris et al. [33].
[image: ]
[bookmark: _Ref447899875]Figure 3.2‑5 - Contour plots of velocity and wall shear stress along the mid-plain of the computational domain and along the whole domain respectively
A 3D plot of velocity (Figure 3.2‑6) shows that in section (a) at 1 cm (b) at 12 cm and (c) at 32 cm from the tip velocity contours display a correlation between lower values of velocities and encrustation sites detected experimentally. 
[image: ]
[bookmark: _Ref448773574]Figure 3.2‑6 - Comparison between CFD results and experimental data in the three sections described in Figure 3.3-2
Finally, Figure 3.2‑7 shows the velocity streamlines inside the catheter:

[image: ]
[bookmark: _Ref448911389]Figure 3.2‑7 - Velocity streamlines near the tip of the catheter



[bookmark: _Toc489119315]Discussion
The work done so far provides the methodological framework to develop a more complex modelling approach including a model of biofilm formation inside a urinary catheter. These preliminary results showed possible correlations between urodynamics and the phenomenon of encrustation, and have identified regions of the design that could be improved.

[image: ]
Figure 3.3‑1- Silicone catheter cross-sections at (a) 1, (b) 12 and (c) 32 cm from the tip. The images were taken after blockage (52 h) in a bladder model [33].
The picture above shows that 1 cm far from the tip of the catheter, immediately below the two eyelets, the biofilm occludes the lumen. Bacteria and crystals attack the surface, and the contour plots (see Figure 2.2‑5) showed that the velocity in that area of the catheter is almost zero. Moreover, looking at the wall shear stress the lowest value is just below the eyelet, where the biofilm starts to grow. The attachment phase of the biofilm formation process is the most critical one. A different flow field, with higher values of velocity and wall shear stress in that region, could help to prevent the adherence of the bacteria to the surface and reduce the possibility of biofilm formation. As a consequence, this could reduce the risk of medical treatments and resulting complications for the patient.
The next step will be to perform a study in which the geometry near the tip is changed. After that, its influence on the urodynamics will be studied and discussed. The velocity profile and the consequent shear stress shown in Figure 2.2‑5 are strictly correlated to the flow domain. The streamlines (Figure 2.2‑7) follow the internal shape of the catheter. Therefore, different spacing between the eyelets would probably influence the flow field and the stagnation zones. 



[bookmark: _Toc489119316]influence Of CATHETER DESIGN on URODYNAMICS USING CFD 
Urinary catheters currently used in clinical practice are vulnerable to encrustation and consequent blockage by biofilm crystal deposition, often starting at their tip. The biofilm may be sensitive to the surrounding flow field and its properties, e.g. the wall shear stress. The previous Chapter has shown a possible correlation between the flow field inside the catheter and the phenomenon of encrustation (see Figure 2.2‑6). Areas with lower flow velocity and wall shear stress correspond to biofilm encrustation zones, and they are the focus of the study presented in this chapter. The computational model described and validated in chapter 3, to analyse key flow properties inside the Foley catheter, is considered as reference for this analysis. However, in this study the Urine properties rather than water were considered to better simulate the real environment. Several geometries were created aimed at capturing important flow-field variations in areas where the biofilm develops. The methodology used to perform this study is presented in the following paragraphs.
[bookmark: _Toc489119317]Methods and materials
In this part of the study the CFD model described in Chapter 3 was tested to see how changes in the design could affect the flow behaviour inside the catheter.
A total of 29 catheter geometry configurations were acquired. First, the Foley catheter was imaged by means of  scan. Using an image processing package IMAGEJ [68], all the most relevant geometrical characteristics were measured. The catheter geometry was drawn in 2D dimension and then reproduced in a 3D shape using Solidworks (©Dassault Systemes, SolidWorks Corporation). The scan machine used was a Skyscan (Bruker microCT technologies) with the following technical specifications:



	Camera type
	10 Mp Hamamatsu-100/250 10 Mp

	Camera Pixel size
	11.65 

	Image Pixel size
	9.05 

	Number of lines to be reconstructed 
	859


Table 4‑1 - Scan machine properties
All the images were analysed and reconstructed in order to obtain all the relevant information. A quick overview is shown in the Figure 4.1‑1.
[image: ]
[bookmark: _Ref477043484]Figure 4.1‑1 - An overview of the section images taken using the CT scan. The one at the top-left corner represents the bottom of the catheter where the atmospheric pressure was applied. Following the sections from the left to the right and from the top to the bottom it is possible to see how the catheter shape changes up to the tip. The location were chosen according to the area where the internal shape of the catheter changes. Strategic sections such as the one where the eyelet started were used to measure the relevant parameters.
All key parameters were measured and converted to mm using the scan machine conversion factors shown in Table 3-1. The reference fluid domain is shown in Figure 4.1‑2.
[image: ]
[bookmark: _Ref477043517]Figure 4.1‑2 - Catheter geometry used for the simulations performed, all the main geometrical characteristics are listed
The inlet pressure, as in the Chapter 3, is defined through the l distance and the outlet is located at the bottom of the catheter where the atmospheric pressure acted on it. Parameters c and d were used to create the two eyelets. They are the key variables used to guarantee the equivalent area at the catheter outlet section. Moreover, e, i, and b were used to position the eyelets accurately. The following table shows the list of parameter values used to create the Foley catheter geometry in Solidworks (©Dassault Systems, SolidWorks Corporation). The same parameter were measured also with the goniometer to minimize any possible error.
	Parameter
	Values

	b
	2.586 [mm]

	c 
	2.163 [mm]

	d
	1.629 [mm]

	e
	1.385 [mm]

	f
	3.158 [mm]

	h
	411.146 [mm]

	i
	2.199 [mm]

	l
	414.027 [mm]

	n
	0.612 [mm]

	p
	1.167 [mm]

	s
	0.629 [mm]

	t
	0.201 [mm]

	α
	9o

	D
	3.014 [mm]


[bookmark: _Ref488597363]Table 4‑2 - List of Parameter Values measured from the  scan
Finally the and the consequent first layer height were calculated following the procedure described in Section 3.1.4. The Reynolds number was based on the circular shape where its equivalent diameter was calculated starting from the semi spherical one measured using IMAGEJ The velocity used was calculated using the flow rate obtained experimentally and the equivalent radius . The flow was turbulent as expected (see  number in Table 4‑3) and the  model was taken into account. In the Table 4‑3, the results in terms of equivalent area/radius (), experimental flowrate (), consequent Reynolds number () and  value are shown:
	
	5.36 

	
	1.306 


	
	6.593

	
	3303

	
	 


[bookmark: _Ref477043634]Table 4‑3 – Flow properties such as the Re number are shown in the table. The mesh was created according with these values in order to capture all the flow field properties.
The final geometry is shown in Figure 4.1‑3:
[image: ]
[bookmark: _Ref477043657]Figure 4.1‑3 - Foley catheter created using SolidWorks
The CAD geometries created in SolidWorks were imported into ICEM-ANSYS using the IGES format to create the elements which reproduce the fluid volume. All the convergence criteria study and mesh independence study performed previously were used as a reference for the current mesh elements dimension and shape. The catheter geometry is considered with similar key properties (e.g. equivalent inlet/outlet areas) to the one used in Chapter 3, therefore, the same mesh were considered adequate to provide an accurate solution for all the cases analysed. The global mesh settings used for all the 37 geometries are shown in Table 4‑4.

	Max Element
	0.0002 [mm]

	Smooth Mesh
	Yes


	Max Size
	0.0002 [mm]

	Height
	 [mm]

	Height Ratio
	1.5

	Layers
	10



[bookmark: _Ref489115076]Table 4‑4 - Mesh elements properties for all the catheter geometries utilized during the study


The simulation convergence was achieved for all the cases analysed and all the criteria studies done previously guarantee the best mesh configuration for the catheter shape and length. In Figure 4.1‑4 the final mesh and its boundary layers is shown.
[image: ]
[bookmark: _Ref477043677]Figure 4.1‑4 - Final mesh used for all the catheter simulations. The ten layers guarantee an accurate solution over the boundary layer and over  elements were able to capture all the main flow properties while it flows into the device.


[bookmark: _Toc489119318]Fluid properties
In this Chapter the realistic properties of urine were taken into account. The first parameter which had to be calculated was its density. The urine is composed by 95% water and 5% by the following chemical components [69,70]:
	
	
	(14)


The average Molar Mass were calculated obtaining the following value:
	
	
	(15)


where  is the component mole fraction,  is the molar mass, and  is the number of components. At this point a new material called urine was created within ANSYS-CFX and the requested relevant properties were defined in Table 4‑5 [69,71,72]:
	Parameter
	Values

	
	1030 

	
	0.001 

	Reference state
	37 oC

	Pressure
	1 atm


[bookmark: _Ref491811557]Table 4‑5 - List of Urine Parameter Values

[bookmark: _Toc489119319]Urinary catheter simulations
The study was divided into two parts. First, only fixed geometries were considered. A total of five cases were taken into account (Figure 4.2‑1). At this stage the shape of the catheter was chosen a priori, making one strategical change at time, but without parameterization applied. Subsequently, three geometric scenarios (Figure 4.2‑1) were studied parametrizing one key variable for each of them. A total of 29 different configurations were simulated by means ANSYS-ICEM-CFX. Moreover, other catheter geometries suggested also by clinicians were considered in order to understand how those geometrical changes could really improve the catheter performance. 
For each model the geometry coincided with the flow domain inside, so that the catheter itself did not need to be included in the simulation, with the walls modelled with a no-slip condition. The fluid was driven by the total pressure at the inlet (the two eyelets) and the atmospheric pressure at the outlet. In the following paragraphs both the fixed geometries and the parametrized ones are described and presented in details. Eventually, the results achieved during this study will be presented, and possible further works to improve the catheter, will be discussed.
[image: ]
[bookmark: _Ref488597090]Figure 4.2‑1 - Comparison between FIXED and PARAMETERIZED design.


[bookmark: _Toc489119320]Fixed design
A fixed design differs from the original one due to a change on its shape in a strategic point but no parameterization is applied. Five cases were studied during this stage.
FIXED DESIGN F1
The starting point of this study were the simulations using the catheter geometry obtained from the  images. This analysis gave a good understanding of how the urine flows inside the device and which are the areas where a better shape could improve its performances. The study should show a behaviour similar to the one done in Chapter 3. The main difference was the fluid used and the geometry details. However, since the urine should have similar properties to the water and only minor geometrical changes were made, a similar results were expected. The Figure 4.2‑2 shows a graphical comparison between the geometry used for the studies in chapter 3 (A) and the one used during this analysis (B).
[image: ]
[bookmark: _Ref477043730]Figure 4.2‑2 - Comparison between the idealized geometry used during the independence/convergence study (A) and the geometry created using the real shape of the catheter (B). The back side was cut and the eyelets did not have an elliptical shape. The extrusion was performed with an angle of 9 degrees which generated two inclined lines on the eyelet sides, according with the details shown by the  scan.

FIXED DESIGN F2
In this case the upper part of the catheter tip (probably existing due to manufacturing reasons) was removed. The reason of this change was that, looking at the results related to the real catheter, the flow velocity in this area was almost zero (see Figure 3.2‑5 ). This is the zone were the biofilm start to develop and consequently block the catheter. Flow field parameters changes in this particular location could influence the biofilm growth. However, form Figure 3.2‑7 related to streamlines applied to the experimental fluid domain, it is possible to see a recirculation zone just above the inlet point level so this area was considered during this stage.

[image: ]
Figure 4.2‑3 – Catheter fixed DESIGN F2 used for the simulations

FIXED DESIGN F3
The third geometry proposed was aimed at analysing the effect of the areas above the points where the urine enters the catheter and the velocity magnitude are very small. The tip of the catheter was removed and there was no more space available for the flow above the inlets. This zone was considered with a no-slip wall condition. The hypothesis behind this choice was that the cut would not make a big difference on the flow behaviour, but it could substantially reduce the available space for biofilm encrustation and development. The recirculation zone was considered small enough and negligible for this first case of study. The other tip details, such as either the eyelet shape or their position, were not modified. In Figure 4.2‑4 the FIXED DESIGN F3 is shown.
[image: ]
[bookmark: _Ref477043855]Figure 4.2‑4 - Catheter FIXED DESIGN F3 utilised for the simulations. The catheter tip was cut up to the inlet level to see how this change would affect the flow behaviour

FIXED DESIGN F4
In the fourth design, the area above the inlet sections, which was the main focus of FIXED DESIGN F2 and F3 was left as the original geometry. As shown in Chapter 2 the sections located in this area showed a really small flow-field velocity values. This area is also important for the biofilm development and catheter blockage. This new design considered an extra eyelet positioned between the two existing ones. Since the balloon tube goes through one side of the catheter, it was not possible to add a fourth eyelet. The hypothesis of this change was that another inlet point could direct the flow to the areas just below the eyelets. In this way, the biofilm which grows and attaches on the wall, could be removed by flow forces and vorticity. The new Design is shown in Figure 4.2‑5.
[image: ]
[bookmark: _Ref477043867]Figure 4.2‑5 - Catheter FIXED DESIGN F4 used for the simulation. A third eyelet was added in order to analyse its effect on the flow field properties. 
FIXED DESIGN F5
In the fifth design the eyelets were inclined following a 9 degree angle (see angle  in Table 4‑2). The hypothesis was that this angle does not affect the results enough to justify the inclination. Parametrizing two parallel sides within Solidworks makes more sense rather than two inclined ones, therefore this step is necessary to understand if the inclination could be neglected or not. In the next paragraph the PARAMETERIZED DESIGN P3 considered parallel eyelet. It was made possible due to this analysis. The Figure 4.2‑6 shows the DESIGN F5 used for this simulations.
[image: ]
[bookmark: _Ref477043884]Figure 4.2‑6 FIXED DESIGN F5 - which is characterized by parallel eyelets and does not consider the 9 degree angles used during the previous geometries.
[bookmark: _Toc489119321]Parameterized designs
The chapter describes the study performed using parameterized designs. Also in this stage, for each change considered, the analysis started from the real catheter shape. Successively, the parameter was modified eight times up to a predetermined point established a priori. It was defined under certain criteria explained, for each case, in the following paragraphs. The interval of interest was evenly sampled. This allowed a qualitative assessment of the influence of each parameter on the flow inside the catheter. In this way it was possible to show a qualitative behaviour on how that parameterization would influence the flow properties.
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Table 4‑6 - Parameters utilized during the simulation. The table considers both geometrical parameters and inlet boundary conditions



PARAMETERIZED DESIGN P1
In PARAMETERIZED DESIGN P1 the eyelet position were kept constant while an angle along the catheter was applied. The aim was to see its influence on the flow behaviour and on the associated recirculation zones. Catheter with this kind of geometry are being tested already (e.g. at The Teaching Hospital in Sheffield), however no parameterized studies were found in the literature.
The angle, according to some existing design, was inclined up to 45 degree along a plane parallel to the eyelet one. In this way, both were under the same boundary pressure (see Figure 4.2‑7). The other parameter which was considered was the distance between the tip of the catheter and the angle attachment point. The choice of this length was measured considering the results achieved for the real shape of the catheter, which corresponds also to the distance measured for the existing samples. Hence, the point where the flow field does not change anymore due to the vorticity at the inlet, is the one on which the angle was applied. The Figure 4.2‑9 shows the parameters utilized for the simulations.
[image: ]		[image: ]
[bookmark: _Ref477043983]Figure 4.2‑7 – PARAMETERIZED DESIGN P1 and its key parameters
The  value utilized was:
	
	
	(17)


While the angle  was:
	
	
	(18)


Where  is the angle to be added step by step for the number of interval points as shown in the Table 4‑7.
The same boundary conditions of FIXED DESIGN F1 were employed. The eyelet pressure was calculated for each angle, considering the eyelet centre as a reference point to calculate the vertical length “c”. A summary of all the parameters involved is shown in Table 4‑7. Scenarios such as implanting time, standing up sitting and lay down position were not taken into account during these analysis and they could be considered in future studies.
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[bookmark: _Ref489115400]Table 4‑7 Parameters utilized during the simulation. The table considers also in this case both geometrical parameters and inlet boundary conditions



PARAMETERIZED DESIGN P2
One of the main problems related to the Foley catheter and its eyelet shape is that the eyelets are handmade, as discussed in Chapter 1. The manufacturing companies are still producing these device following biological and medical instruction, and no inputs from an engineering point of view has been found in the literature so far. The aim is to provide a better understanding of the geometrical impact on the flow inside the catheters. The eyelet angle was the focus of this stage aimed to understand how the eyelet could be changed strategically adding an angle at its attachment point. It did not involve the section where the boundary condition was applied. Therefore, the inlet pressure was kept constant (see Figure 4.2‑8) for all the simulations. The range of the angle used was the same such as in the previous design (), however it was applied on a different location.

[image: ]
[bookmark: _Ref477044052]Figure 4.2‑8 - The image shows the key parameter utilized to perform all the simulation for the PARAMETERIZED DESIGN P2.


First, parallel eyelets were considered. The Table 4‑8 shows the main parameters involved during the simulations. 
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[bookmark: _Ref489115673]Table 4‑8 - Parameters utilized during the simulations, geometrical parameters and inlet boundary conditions
PARAMETERIZED DESIGN P3
The final case is still focused on the eyelet. However, a fillet was applied rather than an angle. The analysis was aimed to see the effect of a smoothed eyelet corner on the flow behaviour. All the considerations made previously are the basis of these simulations. The radius was defined between zero and a value which created almost a straight line between the eyelet corner and the eyelet attachment point. It corresponded to the catheter thickness “a” (see Figure 4.2‑9) 
[image: ]
[bookmark: _Ref477044069]Figure 4.2‑9 - PARAMETERIZED DESIGN P3 and its key parameter
The Table 4‑9 shows the parameters used during the simulations:
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[bookmark: _Ref489115703]Table 4‑9 - Parameters utilized during the simulations, geometrical parameters and inlet boundary conditions


[bookmark: _Toc489119322]Results
In this section the results obtained are discussed. The aim was to understand how the flow field behaved inside the catheter and its possible impact on the biofilm growth and consequent catheter blockage. The results analysis in divided in two main parts: 
· FIXED DESIGNS;
· PARAMETERIZED DESIGNS.
Results are presented in form of contour plots of flow velocity and shear stress. These parameters were chosen to be consistent with what has been analysed and discussed so far.
The five FIXED DESIGN scenarios are analysed together in order to understand which one of them could guarantee the best performances in term of Wall Shear Stress (WSS). However, considering the parameterized study, the analysis will be focused on each scenario at a time. This is due to show the influence of a single parameter on the device performances.
[bookmark: _Toc489119323]Fixed design
The results related to the five fixed designs (i.e. F1, F2, F3, F4, and F5) are discussed in this section. In these geometries, one change was applied and their comparison shows the influence of the geometry on the flow behaviour. Figure 4.3‑1 shows a detailed overview of the WSS from three different view directions.
[image: ]
[bookmark: _Ref477044092]Figure 4.3‑1 - Wall shear stress for all the five cases analysed. The picture shows the back, front, and left side view of the device.
Considering the above results it is possible to see the WSS trend inside the catheter. Values vary between  and . The FIXED DESIGN F2 appears to be the best possible solution among these 5 scenarios because it shows a bigger area with high values in the sections just below the eyelet, which is the main zone of interest, for both front and back views. Furthermore, considering the area just below the eyelet corner from the left side perspective, it shows a constant WSS value which appears to be higher than in the other four cases. Conversely, for the FIXED DESIGN F4 and F5, the WSS values in those areas reaches almost the minimum (). All these key areas are the ones where the biofilm starts to develop and occlude the device (as shown in Chapter 2). The worst scenario considering all the three views is the FIXED DESIGN F4. This is because the third eyelet introduces a new area with low values such as the one below the eyelets corner described above which could worsen the catheter performances and, as a consequence, increases the risk of bacteria attachment. Considering the FIXED DESIGN F3, it shows a behaviour similar to the FIXED DESIGN F2 but with lower values in some areas. This could be due to the fact that, looking at Figure 2-16, there is a recirculation area just above the eyelets which is probably required by the flow to follow its pathway correctly. An overcut in that zone could influence the overall flow-field behaviour.
The next analysis refers to the flow-field velocity behaviour inside the catheter. It agrees with the study done in Chapter 2 provides insight on how this property could be affected by catheter geometry changes. The Figure 4.3‑2 shows the velocity-field inside the catheter, considering only the mid-plane, for the five scenarios analysed before in terms of WSS.
[image: ]
[bookmark: _Ref477044123]Figure 4.3‑2 - Velocity profile along a mid-plane created inside the catheter. The picture shows the behaviour for all the five FIXED DESIGNS
The results in Figure 4.3‑2 refer to how the flow velocity develops inside the catheter. Also in this case, the FIXED DESIGN F2 is the one which guarantees the best velocity trend. FIXED DESIGN F1, F2, and F3 show similar results with respect to velocity profiles. This was expected considering the small changes applied on these geometries and the results showed in Figure 3.3‑1 in terms of wall shear stress. The FIXED DESIGN F4 and F5 display worse results comparing with the other three scenarios. The flow in these cases develops with lower velocity in the middle, and bigger areas with values close to zero (e.g. near the inlet sections). An advantage regarding these two geometries is that, although the velocity in the middle reaches lower peak values, its maximum covers a bigger area. It could be a good result in terms of the amount of biofilm removed by the urine flowing inside the device. To show the velocity field inside the catheter, six sections are reported Figure 4.3‑4. The sections are described in Figure 4.3‑3 which shows a front view of the catheter and the related axes located on the YZ planes. The space between the centre and the wall was divided equally in six different segments and their six values are shown in Table 4‑10.
	[image: ]
[bookmark: _Ref489115846]Figure 4.3‑3 The figure shows the x-coordinates location and their values. On each of them an YZ plane where created to analyse the flow velocity inside the catheter
		
	

	
	

	
	

	
	

	
	

	
	

	
	



[bookmark: _Ref477288870]Table 4‑10 Values of the x-coordinates used for the catheter cross sections





Velocity contour plots for each YZ section plane are shown in Figure 4.3‑4.
[image: ]
[bookmark: _Ref477044156]Figure 4.3‑4 - Contour plots on five different YZ cross section planes along each of the FIXED DESIGN analysed. 
FIXED DESIGN F1, F2, and F3 show the optimal results. FIXED DESIGN F4 and F5 present the worst situation in terms of velocity contour plots from side views. The way in which the flow develops inside the catheter creates several areas with low velocity values. 
In conclusion, considering the results in terms both of WSS and velocity contour plots, the FIXED DESIGN F2 is the one which optimises the performance. Maximal values of these parameters are attained using this configuration and also a minimal number of areas with velocity close to zero around the critical zones. The worst case scenario is represented by the FIXED DESIGN F4 which has more recirculation areas with both low velocity and WSS values. The design F5 is the one with the bigger area of velocity and WSS values almost equal to zero, just below the two eyelets where the biofilm start to growth and block the catheter. As a result of this study, this study should be.

[bookmark: _Toc489119324]Parameterized design
This Chapter is focused on the three parameterized design described within the Methods and Materials section. The results obtained from these simulations will be presented aimed to show all the most relevant features and properties. In this analysis velocity and WSS values are the key factors that will be taken into account in order to be consistent with the study so far. All the single sections are similarly structured. In each of them the result discussion is divided into two main parts:
1. This is focused on the WSS contours plot, again from three different views as shown for the FIXED DESIGN;
2. The second part concerns the velocity plots visualised from both the middle XZ plane of the catheter and the 6 YZ plane sections used in the Chapter 4.2.1 and described in Figure 4.3‑3.



PARAMETERIZED DESIGN P1
The Figure 4.3‑5 shows an overview of the WSS contour plots for both the front and longitudinal view.
[image: ]
[bookmark: _Ref477044285]Figure 4.3‑5 - WSS Contour plots of PARAMETERIZED DESIGN P1. The image shows both front and side view of the catheter for each value of the angle alpha.
For this analysis both Velocity and WSS parameters are analysed together. This is because the results suggest an important conclusion applicable only on this scenario. Therefore velocity contour plots are shown below in Figure 4.3‑6 and discussed subsequently.

[image: ]
[bookmark: _Ref477044302]Figure 4.3‑6 - Velocity contour plots along 6 different planes (see Figure 3.3‑3). They are shown for all the "alpha" parameter values
The velocity contour plots on the middle plane were not considered necessary for this case. This is because, neither the velocity nor WSS profiles near the eyelets are influenced by the angle alpha applied to the catheter body. Only the area where the parameters analysed behave differently is where the device shape changes angle. This suggests that the CFD model used does not reproduce the real environment. It has been developed using the pressure as a boundary condition applied directly on the two inlet surfaces. Therefore, this system is not sensitive to an angle applied on a section located distal from the eyelets. To reproduce such a scenario, it would be necessary a tank simulating the bladder on top of the catheter using the free liquid surface as boundary condition. A further analysis would be required. 
PARAMETERIZED DESIGN P2
PARAMETERIZED DESIGN P2 and P3 are focused on the catheter eyelets and their shape. This part of the device, as shown in the literature review, is considered the most critical one in terms of biofilm attachment and growth. Moreover, this is an area where geometry is mainly hand-made and there could be room of improvement. In this section the change made applies to the inclination of the eyelets. An angle on the horizontal direction was added to see how the flow-field inside behaves. Figure 4.3‑7 shows the WSS contour plots from the front, back and longitudinal view for all eight configurations.
[image: ]
[bookmark: _Ref477044349]Figure 4.3‑7 - WSS Contour plots of PARAMETERIZED DESIGN P2. The image shows front, back, and side view of the catheter for each value of the angle considered.
These results suggest that the bigger the angle, the lower the WSS peak value is. Simultaneously, a bigger angle implies a more distributed trend. Therefore, the peak is smaller but the areas just below the eyelets with WSS almost equal to zero disappear. The same conclusion is reached if the analysis focuses on the flow-field velocity as shown in Figure 4.3‑8.
[image: ]
[bookmark: _Ref477044361]Figure 4.3‑8 - Velocity contour plots on the PARAMETERIZED DESIGN P2. Moving from right to left the first geometry is the one parallel eyelets used as a starting point, and the others are all the ones with different values of the "angle” parameter applied.
Looking at the Figure 4.3‑8, moving from right to left the velocity peak value decreases, but, at the same time, the maximum value for each geometry is spread all over the catheter. The recirculation areas almost disappear suggesting that there is less space available for the biofilm to grow and develop. However, increasing the angle means also having a bigger area with velocity almost equal to zero just above the eyelets. Also in this case the third image shows velocity contour plots of six different YZ section planes for all the geometries analysed. The same considerations can be applied also to Figure 4.3‑9.
[image: ]
[bookmark: _Ref477044403]Figure 4.3‑9 Velocity contour plots along 6 different planes (see Figure 3.3‑3). They are shown for all the angle values applied


PARAMETERIZED DESIGN P3
The last change applied was a fillet on the eyelets attachment corner. The fillet concept is used in many other applications to smooth the liquid which flows around a corner and to increase performances. The same concept was applied on the catheter and the results in terms of WSS are shown in Figure 4.3‑10.
[image: ]
[bookmark: _Ref477044414]Figure 4.3‑10 WSS Contour plots of PARAMETERIZED DESIGN P3. The image shows front, back, and side view of the catheter for each value of the considered fillet radius “r”.


Applying a fillet guarantees the same type of improvements obtained in the PARAMETERIZED DESIGN P3 case of study. The peak value of both WSS and flow velocity decreases (see Figure 4.3‑11) as the fillet radius increases.
[image: ]
[bookmark: _Ref477044434]Figure 4.3‑11 Velocity contour plots on the PARAMETERIZED DESIGN P3. Moving from the left to the right side the first geometry is the one currently used in the clinical market, and the others are all the ones with different values of the "r” parameter applied.
As shown in the Figure 4.3‑11, another result for this case is that where the fillet was applied the flow velocity was higher. Combining this with the fact that the recirculation areas almost disappear just below the eyelets (see Figure 4.3‑12 from the radius value equal to 0.404 mm and above) this solution could be seen as one that could definitely improve the catheter performances. The best scenario is the one with radius equal to 0.538 mm. The only negative aspect which has to be taken into account is that the maximum value (located at the centre of the catheter) of velocity is smaller than in the current Foley catheter design. However, it is also true that the biofilm starts to develop near to the wall and not in the middle of the device. It implies that this is the most critical area which has to be improved rather than the central region.
[image: ]
[bookmark: _Ref477044460]Figure 4.3‑12 Velocity contour plots along 6 different planes (see Figure 4.3‑3). They are shown for all the fillet radius values applied.


[bookmark: _Toc489119325]Discussion
Catheter encrustation is a problem that must be quickly addressed. The case of study presented in Chapter 4 is a good example on how to use the CFD model created and validated in Chapter 3. This work showed a new methodology to study and discuss, using such model, the role of catheter design on the flow-field inside. All the results obtained and the consequent contour plots showed that it is possible to improve the Foley Catheter performances applying little geometrical changes on its tip. The first section related to fixed designs demonstrated how even little changes on the geometry could change substantially the way in which the urine flows. FIXED DESIGN F2 (see Figure 4.3‑1) is the one which guarantees the best values in terms of WSS and flow velocity. Moreover, considering the parameterized study, the analysis showed which could be the role of simple geometry parameters (e.g. fillet, angles, eyelet position, etc.) on the way in which the urine flows, stresses the surface, and as a consequence on the biofilm encrustation process. 
The PARAMETERIZED DESIGN P2 and its related study, demonstrated how a different environment around the catheter which mimics also the bladder, could definitely improve the model. By doing this, it would be possible to capture information which are otherwise dependent to the inlet boundary condition and the locations where they are applied. Another model which considers different boundary conditions could be created and compared with the one used in this study to see which are the differences and to improve it. However, this study defined a good pathway aimed to determine a methodology that could be used in the healthcare and in the biomedical industry to improve the catheter performance even considering only little geometrical changes. Creating a device based on engineering considerations rather than only biological ones is a necessary step to be made. A CFD approach such as this one can guarantee the right flexibility and accuracy to be considered and perhaps introduced within the industrial process.


[bookmark: _Toc489119326]CONCLUSIONS
This chapter summarizes the main contributions of this work. It discusses how the study could be utilised by the scientific community and the methodology main limitations. Finally, an overview of future work is presented. 
[bookmark: _Toc489119327]Main contributions
· The creation of a methodological framework to develop a more complex modelling approach including a model of biofilm formation inside a urinary catheter (Chapter 3);
· The results obtained showed quantify correlations between Urodynamics and the phenomenon of encrustation, and identified regions of the design that could be improved;
· The CFD model created can be used for further studies and analysis related to the Foley catheter and in general to similar invasive devices. This could be used to find innovative designs using the fluid dynamics results as a guide to identify critical areas.
Figure 5.1‑1 shows the best results obtained in this work. 
[image: ]
[bookmark: _Ref477284947]Figure 5.1‑1 Velocity contour plot comparison between the current Foley catheter (A) and the two best cases analysed. The figure shows the FIXED DESIGN F1 (B), the PARAMETERIZED DESIGN P2 and P3, with angle equal to 33.75o and radius equal to 0.538 mm, respectively 
[bookmark: _Toc489119328]Limitations
The validated CFD model does not reproduce the real environment in a case where the key parameter used should be independent from the section on which the boundary condition are applied (for example changing the location of the Inlet Boundary Conditions). A more appropriate model, in such case, should be developed and the convergence criteria study and mesh independence study would have to be performed again. This could be done following the same procedure used in Chapter 3.
The analysis described and discussed during this work is based on experimental data (i.e. catheter flow rate), obtained during a study done at The University of Sheffield considering standard protocols. It would be of interest to validate the methodology using also the real bladder flow rate. This will help to understand even better how the urine flows inside the catheter and the changes which should be applied on its geometry.
As discussed in Chapter 3 a transitional flow exists in some catheters and in some areas of them and another more appropriate turbulent model could better simulate the real behaviour within the boundary layer. Further studies based on this concept could be compared with the solution obtained during this study in which the flow-rate was the key experimental properties given. The model used is however acceptable in terms of stability and turbulence analysis.
[bookmark: _Toc489119329]Future work
There are many aspects that could be further explored in order to improve this methodology. Few more steps could be undertaken to analyse more scenarios correlated to the Foley catheter and the biofilm encrustation issue. Some analysis and possibilities are listed below:
· More strategical parameters could be analysed to investigate their correlation to the catheter performance;
· A sensitivity analysis could be done in order to use all the chosen parameters and to determine which is the combination that guarantees the best solution;
· Validate all the results using a  to observe the internal velocity field.
This CFD methodological framework gives all the fluid property information such as velocity, pressure, WSS, etc. Subsequently, a biofilm model could be developed following the method proposed in Chapter 5.3.1. To do so, it would be necessary to couple the biofilm growth with the new geometry, either changing the geometry at each time step or increasing the flow viscosity in strategic areas [73]. The latter would allow the generation of a zone in which the fluid behaves as a solid, mimicking the biofilm structure. It would be also necessary to analyse advantages and limitations of both methods in order to opt for the best one.
[bookmark: _Toc489119330]A biofilm modelling approach for future studies
A possible solution considering the combination between a CFD approach and the TUDelf Group methodology, instead of the lattice Boltzmann algorithm, to solve the flow field inside the catheter is proposed below. Hence, the MPhil project was focused on the 1st step considering Figure 5.3‑1. As the catheter CFD model has been defined during this study, the next steps would be to follow the TUDelft Group methodology, where biofilm parameters such as liquid viscosity, liquid density substrate diffusion coefficient , etc., could be chosen according to the literature. Figure 5.3‑1 shows the general algorithm that could be used in the future to solve the dynamic biofilm model inside the urinary catheter. This is not a part of this study, but could be considered for future ones. 
[image: ]
[bookmark: _Ref489116373]Figure 5.3‑1 - Methodology proposed to developed the dynamic biofilm model inside the urinary tract. Picture adapted from [51]
[bookmark: _Toc489119331][bookmark: _Toc246151537]
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Introduction
The Foley indwelling urethral catheter is the most commonly used device of its type. It is a system comprised of a tube inserted through the urethra and held in place by an inflatable balloon, and connected to a drainage system. This forms a closed system that allows drainage of urine from the bladder. These devices, originally designed for short-term use are now also used in the long-term setting too. Modern catheters are vulnerable to encrustation and consequent blockage by biofilm crystal deposition, often starting at the tip (Figure 1). The design, considered obsolete by the scientific community [1], must be reconsidered to produce a device suitable for long-term use.

[image: ]
Figure 1: Silicone catheter cross-sections at (a) 1, (b) 12 and (c) 32 cm from the tip. The images were taken after blockage (52 h) in a bladder model [2].

The research hypothesis is that catheter design may affect internal urodynamics, and as a consequence the process of biofilm formation. The aim of this study is to characterise urinary flow in an attempt to establish correlations between catheter design, urodynamics and the phenomenon of encrustation.

Methods
A computer model mimicking the physics of flow through a catheter was used to predict and investigate flows near its tip. Model geometries were created from micro CT scans of a Foley catheter to create the computational model. The fluid solver used was ANSYS-CFX, and the physical problem has been simplified using the fluid properties of water, a fluid with similar physical properties to urine. Predicted values of volumetric flow rate were validated with data previously obtained experimentally.

Results
The results show discontinuities in proximity to the areas where encrustation is believed to start occluding the catheter. An analysis of the velocity field along the mid-plane of the catheter shows that lower values are found in proximity to the tip and near the lower edges of the eyelets (Figure 2). Furthermore, wall shear stress values are also lower where encrustation starts to develop (Figure 3). 
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Figure 2: Contour plots of velocity along the mid-plane of the computational domain.
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Figure 3: Contour plots of wall shear stress.

Discussion
These preliminary results have shown possible correlations between urodynamics and the phenomenon of encrustation, and have identified regions of the design that could be improved. This work will provide the methodological framework to develop more complex modelling approaches including the modelling of biofilm formation and crystal deposition. The latter will allow to study and identify the correlations between novel design concepts, urodynamics and occlusion, when patient-specific aspects are also considered, for example urine composition.
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