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 FINITE ELEMENT MODELING OF STRESS URINARY INCONTINENCE 

MECHANICS 

THOMAS SPIRKA 

ABSTRACT 

 Stress urinary incontinence is characterized by the involuntary transurethral loss 

of urine caused by an increase in abdominal pressure in the absence of a bladder 

contraction that raises the vesical pressure to a level that exceeds urethral pressure.  Adult 

women are most commonly affected by SUI which is believed to be caused in part by 

injuries to the pelvic floor sustained during childbirth.  In spite of the large number of 

women affected by SUI, little is known about the mechanics associated with the 

maintenance of continence in women.  In theory the mechanics underlying the mechanics 

of female continence can be investigated through the use of complex dynamic finite 

element models of the lower urinary tract and pelvic floor.  However, several modeling 

challenges must be overcome to construct such a model.  The work in this dissertation 

focused on overcoming the challenges associated with modeling the bladder and the 

urethra in the context of stress urinary incontinence and incorporating clinically obtained 

urodynamic data into these models.  In the first part of the dissertation, the effect of 

varying the material properties of the bladder and the urethra on the vesical pressure 

predicted by the model was studied.  The results indicated that the material properties of 

the bladder and urethra had minimal effect on the vescial pressure predicted by the model 

indicating that vesical pressure could not be utilized as the lone validation criteria in 

subsequent models.  The second portion of the study focused on identifying a method that 

could be used to model the fluid structure interactions that occur as the urine contained 
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within the bladder is forced into and through the urethral lumen and determining which 

parameters may affect the flow of urine through the urethra.  The split operator form of 

the arbitrary lagrangian eulerian method was identified as a method that could be utilized 

to model these interactions.  In addition, the results of the modeling effort suggest that the 

stiffness of the urethra, the pressure applied to the urethra and the boundary conditions 

constraining the urethra all have an impact on the flow of urine through the urethra 

during modeled stress events.  
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CHAPTER I 

 

INTRODUCTION 

 

 

In 2001, it was reported in a study by Wilson et al that the direct cost of urinary 

incontinence in the United States was $16.3 billion (in 1995 dollars).  This study further 

reported that three quarters of this total was spent in diagnosing and treating urinary 

incontinence in women.1 Stress urinary incontinence (SUI) is a condition that affects 

mainly women and is characterized by the involuntary leakage of urine caused by an 

increase in abdominal pressure in the absence of a bladder contraction that occurs in 

conjunction with a cough, laugh, sneeze or a strain that raises the vesical or bladder 

pressure to a level that exceeds the urethral closure pressure.  The root cause of SUI still 

remains unknown, however, it is believed to be caused in part by injuries to the nerves 

and musculature of the pelvic floor that are sustained during vaginal child birth.  While 
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not a life threatening condition, SUI can have a devastating impact on the quality of life 

of the women that suffer from this condition.2 

In spite of the large number of women affected by SUI, little is known about the 

mechanics associated with the maintenance of continence in females.  To date, the 

knowledge of the mechanics of female continence is limited to three conflicting theories:  

the pressure transmission theory proposed by G. Enhorning which stresses the importance 

of effective transmission of abdominal pressure to the urethra in the maintenance of 

continence, the hammock theory proposed by J.O.L. Delancy which stresses the 

importance of the levator ani muscle in the maintenance of continence and the integral 

theory proposed by P.E.P. Petros which stresses the importance of the pubourethral 

ligaments in the maintenance of continence.3-12   The mechanics behind these theories has 

never been biomechanically validated.  In theory, the mechanics underlying the above 

theories can be investigated through the use of a complex dynamic finite element model 

of the lower urinary tract and pelvic floor.  However, there are several modeling 

challenges that must be overcome before it is possible to begin construction of such a 

model.  Therefore, the main goal of this study was to take the first steps towards building 

such a model by attempting to overcome the challenges associated with constructing a 

dynamic finite element model of the bladder and the urethra. 
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CHAPTER II 

 

OBJECTIVES AND SPECIFIC AIMS 

 

 

2.1 Objective 1 

 Construct a dynamic finite element model of the bladder and the urethra during a 

cough incorporating urodynamic data from a continent patient wherever possible to set 

model dimensions, loads, and validation criteria.    

 The focus of this objective was to model the mechanics of the bladder and urethra 

during a cough in a continent woman. In these models it was assumed that the urethra 

remains completely closed throughout the event and that the entire volume of urine 

remains within the bladder during the entire event.   This work focused on determining 

how clinically obtained urodynamic data could be incorporated into the model and 

gaining insight into how the modeled bladder and urethra would be deformed by applied 

abdominal pressure loads.  In addition, this work also focused on determining the effects 

of material properties on the vesical pressure and displacements predicted by the model.  
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This was done by comparing the predicted vesical pressure and displacements when non-

linear material properties were incorporated versus the predicted values of these 

parameters obtained when linear material properties were incorporated.   In order to 

further study the effect of the material properties on these parameters stiffer and more 

compliant material properties were also incorporated into the model.   

 To further characterize the subject specific performance of the model, an 

additional five models were created each incorporating urodynamic data from a different 

patient.  The goal of this portion of the work was to determine if the modeling technique 

developed in the initial model would be able to produce similar results when urodynamic 

data obtained from different individuals were used to construct the model. 

 

2.2 Objective 2 

 Construct a dynamic finite element model of the bladder and urethra that is 

capable of modeling the fluid structure interactions observed during a rise in abdominal 

pressure.  The model constructed to achieve this objective must be able to model both 

continent and stress incontinent events. 

 The main goal of the second objective was to expand on the work completed in 

the first objective and create a model in which the modeled urine was no longer 

constrained to the bladder but free to flow under appropriate circumstances into and 

through the urethra.  It was the intention of this objective to create models and identify 

techniques that could be used as a starting point with which to create more complex 

models of the lower urinary tract and pelvic floor to further study the mechanics of stress 

urinary incontinence.  The models created in this objective would once again incorporate 
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clinical urodynamic data where ever possible in the construction of the model.  Although 

it was not the intention of this objective to fully define and detail the mechanics of stress 

urinary incontinence, it was envisioned that this portion of the work could provide 

general insights into the mechanics by which continence is maintained by evaluating the 

effects of applied urethral pressure, urethral stiffness and urethral support on the 

mechanics predicted by the model specifically the fluid mechanics of the urine during a 

rise in abdominal pressure.   
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CHAPTER III 

 

BACKGROUND AND LITERATURE REVIEW 

 

3.1 Bladder Anatomy 
 

The bladder is a hollow muscular organ which sits in the pelvis supported by the 

musculature of the pelvic floor and in females is indirectly supported by the ligaments 

supporting the uterus.  Together the bladder and the urethra comprise what is known as 

the lower urinary tract (LUT) with both organs playing key roles in the storage and 

voiding of urine from the body (Figure 1). The walls of the bladder are composed of three 

separate layers, the serosal layer, the muscular layer and the submucosal layer.  The 

serosal layer forms the outermost layer of the bladder and serves as a barrier between the 

muscular layer and the abdominal cavity while the submucosal layer constitutes the 

innermost layer and functions as a barrier to prevent the penetration of urine into the 

muscular layer. 13,14   

 The muscular layer, also known as the detrusor muscle, is composed of three 

layers of smooth muscle fibers.  The most important portion of these layers in regards to 
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bladder function are the obliquely oriented smooth muscle fibers which are located along 

the sides of the bladder in the external layers of the detrusor muscle.  It is the contraction 

of these intersecting muscle fibers that cause urine to be expelled from the bladder and 

voided from the body.13,14 

 The bladder structure can be further divided into three regions, the dome, the 

trigone, and the bladder neck.  The upper portion of the bladder is referred to as the 

dome.  The dome region can be described as a balloonlike structure that is composed of 

the layers previously mentioned.   The two main functions of this structure are to expand 

to accommodate and store the inflow of urine from the ureters and to contract via the 

detrusor muscle to void urine from the bladder during the micturition process.  The base 

of the bladder is shaped like an upside down tetrahedron and comprises the region of the 

bladder known as the trigone.  It is in this region where the ureters that transport urine 

from the kidneys to the bladder connect to the bladder.  The primary function of the 

trigone region is to prevent the reflux of urine back into the ureters and the kidneys.  This 

function is performed by the muscular layer of the trigone which contracts to flatten the 

meatus of the ureter after each passing peristaltic wave to prevent the reflux. 13,14 

The bladder neck lies at the most distal region of the bladder where the urethra 

attaches to the bladder which is also referred to as the urethrovesical junction.  It has been 

theorized that this region may play a role in the maintenance of continence as in some 

females, muscle fibers associated with the detrusor muscle extend to form a ‘U’ shaped 

loop around the urethrovesical junction.  It is theorized that these muscles can aid in the 

maintenance of continence by constricting the lumen of the proximal urethra and bladder 

neck. 4-8  However, this does not appear to be the case in all women as it has also been 
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reported, that in 25% of nulliparous women (women who have never had children) the 

bladder neck remains constantly open without any episodes of incontinence. 15 

 

3.2 Urethra Anatomy  

The urethra can be described as a tube comprised primarily of three layers of 

smooth muscle fibers that run from the internal urethral meatus which is located in the 

region of the urethro-vesical junction to the external urethral meatus.   The three smooth 

muscle layers that make up the urethra are the inner longitudinal layer, the outer circular 

layer and the outer longitudinal layer.   All three smooth muscle layers are thought to 

play a role in maintaining the shape of the urethra.  In addition, the longitudinal layers are 

believed to contract during voiding process, causing the urethra to become shorter and 

wider which reduces the resistance to flow associated with the inner urethral wall during 

micturition.  The circular smooth muscle layer is believed to play a role in maintaining 

continence by collapsing the lumen of the urethra through its contraction.4-8,15,16    

 Located within the smooth muscle layers of the urethra are the submucosal and 

the mucosal layers.  The mucosal layer is comprised primarily of stratified squamous 

epithelial cells while the submucosal layer is comprised of loose connective tissue, elastic 

fibers and smooth muscle cells.  It is believed that the main function of these structures is 

to form a barrier to prevent the penetration of urine into the underlying smooth muscle 

layers during micturition.  Even though smooth muscle cells are located within the 

mucosal layer  it is not believed that this layer performs any role in the maintenance of 

continence.15  
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 The vascular plexus which is primarily composed of arteriovenous anastomoses is 

located concurrent to the submucosal layer.  It is thought that this structure may play a 

role in the maintenance of continence by helping to generate a water tight seal of the 

urethra.  This seal is thought to be achieved by arterial blood flowing into the plexus 

which causes the plexus to expand toward the urethral lumen due to the fact that it is 

surrounded by what has been described as the rigid muscular sheath of the smooth muscle 

layers of the urethra.  Some authors believe that as much as one third of the urethral 

pressure measured during urodynamics occurs as a result of the dilation of the vascular 

plexus.17-20    

 Exterior to the smooth muscle tube of the urethra is a striated muscle known as 

the external urethral sphincter, the anatomy of this muscular structure remains the subject 

of much debate. Delancey and Ashton-Miller locate this structure by dividing the urethra 

into percentiles with the 0th percentile corresponding to the internal urethral meatus 

located proximally at the bladder neck and the 100th percentile corresponding to the 

external urethral meatus located distally at the skin.  According to their published 

descriptions, the urethral sphincter is located between the 15th and 64th percentile.4-8  The 

urethral sphincter has been described by various authors as a striated muscle composed of 

Type I muscle fibers that are oriented tangent to the tube of smooth muscle that 

constitutes the urethra. 4-8,15,21-25  There is disagreement as to the exact shape of the 

sphincter as some authors propose that the sphincter completely encircles the urethra 

while others describe the urethral sphincter as being omega (Ω) shaped. 15,21-25   It is 

believed by some though not all that contraction of this muscle is critical to the 

maintenance of continence. 4-11,15,21-25 Those who describe the urethra as being circular 
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shaped propose that the closure of the urethral lumen is achieved by constriction, while 

those ascribing to the omega shape description argue that closure is achieved by 

compression of the urethra against the anterior wall of the vagina .15,21-25   

 In addition to the smooth muscle fibers of the detrusor muscle surrounding the 

proximal urethra and the striated muscle fibers of the urethral sphincter the urethra is also 

surrounded by the striated muscle fibers of the compressor urethrae and the 

urethrovaginal sphincter.  Both structures are located between the 54th and 76th percentile 

of the urethra and run continuously with the urethral sphincter in this region.  The muscle 

fibers of the compressor urethrae loop over the urethra and insert into the connective 

tissue of the perineal membrane on either side of the urethra.  The fibers of the 

urethrovaginal sphincter surround both the vagina and the urethra.  Due to the orientation 

of the muscle fibers of these two structures they are believed to affect closure of the 

urethra by compressing it against the anterior wall of the vagina rather than by 

constricting the urethra. 4-8,15  It should be noted however that this description of the 

anatomy and function of these structures is not universally accepted. 9,16,24,26 
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Figure 1:  Anatomy of the female pelvic floor and lower urinary tract shown of a woman 
in the supine position B = Bladder,       U = Urethra, V = Vagina, R = Rectum, LA = 
Levator Ani Muscles, OM = Obtuator Muscles  

B

V
U

R

 
   
3.3 Anatomy of Support Structures 
 

It is impossible to discuss the support structures of the bladder and the urethra 

without discussing the support structures of the vagina as the urethra lies directly on top 

of and is connected to the anterior wall of the vagina by a dense layer of connective 

tissue.  As a result, the support for both the urethra and vagina are inextricably linked 

with both structures being supported either directly or indirectly by the endopelvic fascia, 

the arcus tendineus fasciae pelvis and the levator ani muscles (Figure 2). 4-11,15,21-25  

The endopelvic fascia, has been described as a dense fibrous connective tissue 

layer that surrounds the vagina.  It is the endopelvic fascia surrounding the anterior wall 

LA

OM 
OM 
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of the vagina that fuses the distal two-thirds of the urethra to the anterior wall of the 

vagina .  The vagina is supported by the endopelvic fascia through its lateral connections 

to the arcus tendineus fascia pelvis on either side of the vagina. 4-8,27 

The arcus tendineus fascia pelvis acts as a cablelike support structure that is 

connected ventrally to the pubic bone and laterally to the ischial spines.  Together with 

the endopelvic fascia this structure supports the vagina in much the same way the cables 

support the deck of a suspension bridge.  The shape of the arcus tendineus fascia pelvis 

resembles that of a fan, in that near its insertion at the pubic bone, the arcus tendineus 

fascia pelvis has a well defined tendon like structure that spreads out to become a “broad 

aponeurotic structure” near its connections to the ischial spines.  Along the sheet-like 

portion of its structure the arcus tendineus fascia pelvis merges with the endopelvic fascia 

and the levator ani muscle.4-8,27 

The levator ani muscle is comprised of three individual muscles, the iliococcygeal 

muscle, the pubovisceral muscle and the puborectal muscle.  The iliococcygeal muscle 

has a sheet like geometry that forms a shelf spanning the gap from one side of the pelvis 

to the other.  The pubovisceral muscle arises on either side the pubic bone at one end and 

is attached to the walls of the perineal body (puboperineus), the vagina (pubovaginalis), 

and the intersphincteric groove of the anal canal (puboanalis) at its opposite terminal 

ends.  Lastly the puborectal muscle forms a sling-like structure that is located around and 

behind the rectum.  The fascia covering these muscles and the muscles themselves are 

considered to form what is known as the pelvic diaphragm which can be described as a 

sling-like structure that encircles and attaches to the perineum and the pelvic floor organs 

while being secured to the pubic bone and ischial spines. The opening in this sling like 
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structure located near the pubic bone through which the vagina, urethra and rectum pass 

is referred to as the urogenital hiatus.4-8,28-31    

Under normal conditions, the urogenital hiatus is maintained in its closed 

orientation, meaning that the levator ani muscle can be considered to be under going 

constant contraction.  In its closed orientation, the contraction of the levator ani muscle 

creates tension in its sling- like structure which in turn compresses the rectum, vagina, 

and urethra against the pubic bone.  The continuous contraction of the levator ani muscle 

has been described as being similar to the continuous contractions seen in postural 

muscles.  It is also believed that the levator ani muscle can be voluntarily contracted to 

increase the compressive force acting on the rectum, vagina, and urethra above the levels 

observed during its usual continuous activity.4-8,28-30     

In closing the urogenital hiatus, an intact levator ani muscle will also function as a 

shelf on which the pelvic and abdominal organs will rest, thereby minimizing the tension 

occurring in their associated connective tissues and ligaments. 4-8,28-30  It has been 

theorized that if the levator ani muscle does not function properly or is injured, then this 

support will be compromised and the fascia and ligaments that support these organs will 

be placed under increased tensile loads that potentially can cause their supporting 

structures to fail.  In such cases, a combination of abdominal pressure and gravity will 

force the organs in a caudal direction which can cause these organs to prolapse.4-8 

In addition to the structures discussed above, some authors also contend that the 

pubourethral ligaments are also critical to the support of the urethra 9-11.  However this is 

not without controversy as other studies have stated that these ligaments do not exist and 
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what were thought to be ligaments are actually fine strands of smooth muscle tissue that 

are incapable of providing the support that some authors attribute to them.21,32,33 

Three sagitally symmetric sets of pubourethral ligaments have been identified, the 

proximal pubourethral ligaments (PPL), the distal pubourethral ligaments (DPL) and the 

intermediate pubourethral ligaments (IPL).  The shape of the PPLs has been described as 

triangular with the apex side being attached to the symphysis pubis and the base side 

being attached to the dorsal wall of the proximal urethra on one end and the anterior 

surface of the bladder neck at the other end.  Structurally, the PPLs are described as being 

fibrous and resistant to stretching and have been shown to be composed primarily of 

collagen and elastin as well as bundles of smooth muscle fibers that were located near the 

attachments to the bladder neck and the proximal urethra.32   

The DPLs are attached on one end to the lower border of the symphysis pubis and 

on the other end to the distal urethra near the external urethral meatus.  These ligaments 

are composed mainly of elastin and smooth muscle fibers.32  

 The IPLs were reported as being attached to the symphysis pubis and the mid 

anterior wall of the urethra.  The IPLs are reported to consist mainly of loose cellular 

adipose tissue and venules which are believed to have little if any support function .32 It is 

interesting to note that based on the above descriptions it appears that the PPLs are the 

only pair of ligaments that could provide any structural support.   
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Figure 2: Anatomy of the female lower urinary tract and pelvic floor detailing support 
structures (Reprinted from Gastroenterology Volume No. 126  Authors: JOL Delancey 
and JA Ashton-Miller Title: Pathophysiology of Adult Urinary Incontinence S23-S32 
2004 with kind permission from Elsevier) 
 
 
3.4 Continence Theories 
 

To date there are three main theories that have been used to conceptualize how 

females maintain continence during an increase in abdominal pressure, the pressure 

transmission theory as proposed by Enhorning, the integral theory as proposed by Petros 

and Ulmsten and the hammock theory as proposed by Delancey and Ashton-Miller.  The 

three theories however contradict one another as there is little agreement between them as 

to which structures play a role in the maintenance of continence and the role that these 

structures play.  The following sections present an overview of the three theories focusing 
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on which structures each consider important and how each theory proposes that these 

structures function in order to maintain continence. 

 

3.4.1 The Pressure Transmission Theory 

 The pressure transmission theory as proposed by G. Enhorning focuses on the 

location of the proximal urethra in relation to the abdominal cavity.  This theory is based 

on the idea that in healthy women the bulk of the proximal urethra lies within the 

abdominal cavity and is therefore exposed to rises in abdominal pressure.  Enhorning 

theorized that passive transmission of abdominal pressure to the urethra during such 

events as coughs, sneezes or strains fully compresses the urethra which allows for 

continence to be maintained during these types of events.  This theory further proposed 

that in stress incontinent women, the bulk of the urethra has descended outside of the 

abdominal cavity resulting in inefficient transmission of abdominal pressure and 

therefore incomplete compression of the urethra which causes leakages of urine to occur 

during stress events.   This theory gave rise to the idea that in order to treat stress 

incontinence, the proximal urethra should be repositioned in such a manner that the bulk 

of the proximal urethra once again lies within the abdominal cavity so that it will once 

again be subjected to the full transmission of abdominal pressures which would allow 

complete compression of the urethra thereby  restoring continence.3,34,35 

 
 
3.4.2 The Integral Theory 
 
 Petros and Ulmsten have proposed in the Integral Theory that the following 

structures play a role in maintaining continence in females.9-11 
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1) Vagina 
2) Pubourethral Ligaments (Anterior and Intermediate) 
3) Pubococcygeous Muscle 
4) Levator Plate 
5) Uterosacral Ligaments 
6) Cardinal Ligaments 
7) Pubic Bone 
8) Longitudinal Muscle of the Anus 
9) Connecting Muscle of the Longitudinal Muscle of the Anus 
10) External Anal Sphincter 
11) Periurethral Striated Muscle 
12) Bladder  
13) Urethra 

 

 In their description of the functional anatomy of the lower urinary tract and pelvic 

floor, the vagina is divided into three distinct segments, the anterior segment, and the 

horizontal segment also known as the superlevator vagina and the zone of critical 

elasticity.  The anterior segment of the vagina comprises the distal two-thirds of the 

vagina and is referred to as the “hammock” portion of the vagina.  In this region, the 

vagina is tightly connected to the distal portion of the urethra by a layer of dense 

connective tissue which causes the vagina to support the urethra in much the same way a 

body is supported in a hammock.  The anterior segment of the vagina is supported by the 

anterior and intermediate pubourethral ligaments which are anchored into the pubic bone. 

It is the insertion point of these ligaments along with the insertion point of the anterior 

pubococcygeous muscle on the ventral wall of the vagina that mark the proximal border 

of the anterior segment and the distal border of the horizontal segment.  From this border 

region, the horizontal segment of the vagina makes a 130º turn dorsally.  The terminus of 

this segment is the insertion point of the uteral sacral and the cardinal ligaments which 
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provide support for this segment along with the levator plate which also supports the 

horizontal portion of the vagina.9-11 

 The region where the superlevator vagina makes the 130º turn is termed the zone 

of critical elasticity, the Integral Theory proposes that this zone allows the vagina to act 

like a hinge and be pulled in two different directions at the same time.  It is this feature of 

the vagina that the authors believe allow for continence to be maintained by the 

mechanisms described in this theory.9-11  

The first mechanism of continence as proposed by the Integral Theory involves 

the contraction of the pubococcygeous muscle which exerts a tensile force on the anterior 

segment or hammock portion of the vagina pulling the vagina tight against the urethra. 

This tightening of the vaginal hammock serves to close the urethra while at the same time 

closing the gap between the cresta urethalis and the periurethral striated muscle (urethral 

sphincter) which immobilizes the insertion points of the periurethral sphincter muscle 

allowing for the isometric contraction of this muscle.   In this theory it is stated that the 

force generated by the contraction of periurethral sphincter is not sufficient to close the 

urethra and that this contraction only serves to allow the sphincter to seal the urethral 

lumen to make it water tight.  Urethral closure in the Integral Theory is affected by the 

contraction of the pubococcygeous muscle with the periurethral sphincter (urethral 

sphincter) performing a secondary function (sealing the urethral lumen).  This theory 

holds that if the vagina is lax, the pubococcygeous muscle contraction will not 

sufficiently tension the vagina enough to cause the compression of the urethra.  In 

addition the laxity of the vagina  will cause, the insertion points of the periurethral 
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sphincter to be insufficiently immobilized which will prevent the  isometric contraction 

of the sphincter required to seal the vagina  from occurring effectively.9-11 

 While the first mechanism of continence affects the closure of the distal urethra, 

the second mechanism of continence simultaneously affects the closure of the bladder 

neck.  The second mechanism of the integral theory states that the contraction of the 

anterior pubococcygeous muscle described in the first mechanism effectively 

immobilizes the portion of the urethra that is connected to the anterior portion of the 

vagina.  During this contraction, the pubourethral ligaments function as a “passive 

anchoring point which allows them to act as a fulcrum against which the pubococcygeous 

muscle contracts.  At the same time that the pubococcygeous muscle is pulling the ventral 

wall of the vagina forward and immobilizing the anterior urethra, the levator plate portion 

of the levator ani muscle contracts causing the horizontal or superlevator segment of the 

vagina to be stretched dorsally using the pubourethral ligaments as an anchor.  The 

contraction of the levator plate muscle in the opposite direction of the pubococcygeous 

muscle contraction effectively causes the lateral portion of the pubococcygeous muscle to 

become semi-rigid due to the opposing forces acting on it.  It is at this point of the 

mechanism that the longitudinal muscle of the anus which is connected to the 

pubococcygeous muscle by the connecting muscle contracts causing the pubococcygeous 

muscle to be pulled downwards against the anchoring pubourethral ligament. This causes 

the vagina to bend like a hinge in the zone of critical elasticity.  This bending of the 

vagina causes the proximal urethra and bladder base to be tugged in a downwards 

direction which effectively kinks the urethra at the region where it is the least rigid.  In 

order for this mechanism to function properly, the pubourethral ligaments and the 
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uterosacral ligaments must be intact to provide the proper support needed so that the 

forces of contraction function properly.   In addition, isometric contraction of the external 

anal sphincter is also necessary to effect the contraction of the longitudinal muscle of the 

anus.  Continuing with the idea that a lax vagina is the source of incontinence, the 

Integral Theory speculates that if the pubourethral and uterosacral ligaments do not 

adequately support the horizontal vagina, the forces produced by the contractions of the 

pubococcygeous muscle, the levator plate and the longitudinal muscle of the anus will be 

dissipated and as a result the bladder neck will not be tugged down sufficiently to effect 

the kinking of  the urethra.9-11 

 Both of the first two mechanisms of continence are described as being under 

sympathetic control.  A third voluntary mechanism centers around the contraction of the 

three muscle groups associated with the puborectalis muscle.  The contraction of one or 

more of these muscle groups pulls the ventral and dorsal walls of the vagina and the 

rectum in an anterior direction.  It is thought that this contraction effectively stimulates 

the contraction of the pubococcygeous muscle which reflexively causes the first two 

continence mechanisms to activate.9-11 

 The above discussion presents the anatomy, and physiology underlying “The 

Integral Theory of Continence.”  The question that now must be answered is how the 

functional anatomy is altered in the case of stress urinary incontinence.  Petros and 

Ulmsten in the case of the first mechanism speculate that vaginal laxity caused by either 

trauma suffered during vaginal birth or as result of tissue stiffening due to aging can 

cause ineffective contraction of the pubococcygeous muscle which in turn leads to 

insufficient tension in the vagina, which results in the inefficient contraction of the 
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periurethral sphincter.9-11  In other words the laxity of the vagina causes incomplete 

closure and sealing of the urethra which results in the achievement of lower urethral 

pressures in the distal urethra.  As a result, a positive pressure gradient may develop in 

response to increased abdominal pressure that will allow urine to flow through the distal 

urethra. 

In the second mechanism of continence Petros and Ulmsten cite defects in the 

ligamentous supports or in the connections of the muscles to the vagina as potential 

anatomical changes that can result in stress urinary incontinence.  They specifically cite 

defects to the pubourethral ligament as one of the primary causes of stress urinary 

incontinence.  Petros and Ulmsten speculate that damage to this ligament will result in 

the proximal urethra not being restrained as a result of the contraction of the 

pubococcygeous muscle.  They further theorize that if the proximal urethra is not 

restrained, then the contraction of the levator plate dorsally will actually cause funneling 

in the bladder neck instead of kinking in the urethra as the proximal urethra will move in 

a dorsal direction as a result of the levator plate contraction. 9-11 

 Petros and Ulmsten also site laxity in the uterosacral ligaments as a potential 

contributor to stress urinary incontinence.  They theorize that if the uterosacral ligament 

is lax then the vagina is not adequately supported and also lax, as a result, the contraction 

of the longitudinal anal muscle will be dissipated and the bladder neck will not be pulled 

downward with sufficient force to pull it into a position that will effect the closure of the 

bladder neck.  Tears in the external anal sphincter are also identified as a potential cause 

of ineffective longitudinal anal muscle contractions.9-11 
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Figure 3:  Integral Theory of Continence a) First mechanism of continence illustrating 
the contraction of the pubococcygeous muscle responsible for immobilizing the distal 
urethra b) First and Second mechanism of Continence c) Second Mechanism of 
continence illustrating the contractions of the levator plate and longitudinal muscle of the 
anus that result in the kinking of the proximal urethra.  (PUL = Pubo-urethral ligaments, 
PCM = Pubococcygeous Muscle, USL = UteroSacral Ligament, LP = Levator Plate, 
LMA = Longintudinal Muscle of the Anus) (Reprinted from International Urogynecology 
Journal Volume No. 8  Authors: PEP Petros and U Ulmsten Title: Role of Pelvic Floor in 
Bladder Neck Opening and Closure II: Vagina 69-73 1997 with kind permission from 
Springer Science and Business Media) 
  
 

3.4.3 Hammock Theory: 

Similar to the theory proposed by Petros and Ulmsten, the hammock theory 

focuses on the supporting structures of the pelvic floor in order to understand the 

continence mechanism.4-8  Two major differences exist between the two theories.  The 
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first major difference is that Delancey and Ashton-Miller propose that the urethral 

sphincter (periurethral sphincter in Integral Theory) plays a major role in the maintenance 

of continence.  The second major difference is that the Hammock Theory does not even 

mention the pubourethral ligaments in its description of the functional anatomy of the 

pelvic floor and lower urinary tract.4-8  The following presents an overview of The 

Hammock Theory proposed by Delancey and Ashton-Miller to explain how continence is 

maintained during episodes of increased abdominal pressure. 

In the case of stress urinary incontinence, Delancey and  Ashton-Miller speculate 

that during a hard cough the inferior abdominal contents are forced due to increased 

abdominal pressure in a caudal direction.  Ultrasound scans have been used to show that 

the proximal urethra can be displaced up to 10 mm in a caudal dorsal direction while the 

bladder neck is displaced in a caudal ventral direction.  In response to this motion, it is 

thought that either the pelvic floor, the abdominal wall or both must stretch in order to 

accommodate and arrest this motion.  Delancey and Ashton-Miller hypothesize that this 

motion is arrested due to the inertial forces occurring as the pelvic floor is stretched.   

They speculate that these inertial forces cause a caudal cranial pressure gradient to occur 

in the abdominal organs.  However, before this motion can be arrested, the Hammock 

Theory suggests that the proximal intra-abdominal portion of the urethra is compressed 

against the support structures of the pelvic floor by the increased abdominal pressure.  It 

is further hypothesized that the abdominal pressure acts in a transverse manner on the 

urethra meaning that the anterior wall is pressed against the posterior wall while the 

lateral walls are pressed against each other.  If this supporting structure is damaged by 

injuries like those often seen during child birth, Delancey and Miller suggest that the 
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supportive layer will be more compliant and the compression of the urethra by abdominal 

pressure will not be as effective.  To illustrate this point, they cite the example of 

stepping on a garden hose while it is lying on concrete versus when it is lying on a 

trampoline. The levator ani muscle is cited as being the primary support structure 

responsible for allowing this compression to take place.  During a cough, the levator ani 

muscle contracts simultaneously with the diaphragm which contributes to the elevation of 

abdominal pressure.  This contraction also tenses the suburethral fascial layer which in 

turns provides the support necessary to compress the urethra 4-8.   In short, under normal 

healthy circumstances, the urethra is supported by a hammock like structure consisting of 

the endopelvic fascia and the anterior wall of the vagina.  When a cough occurs, the 

levator ani muscle contracts causing a tensile load to be placed on both ends of the 

hammock which draws the structure taught.  The rising abdominal pressure then forces 

the urethra into this now tight hammock compressing the anterior wall against the 

posterior wall which is supported by the hammock.  In addition because pressure acts 

uniformly on a surface, the lateral walls are compressed towards one another.  While in 

stress urinary incontinent women, due to injuries or aging, the contraction of the levator 

ani muscle can no longer effect the tightening of the hammock as a result the support 

structure is not held as taught and as a result the compression of the urethra is not as 

effective as the hammock deforms due to this compressive force. 

 Both the Integral and the Hammock theory cite break downs in the support 

structures as the cause of stress urinary incontinence  4-11.     However, the theories 

disagree as to which structures are involved and the failures of which structures actually 

cause the condition.  The Hammock Theory focuses primarily on the levator ani muscle 
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as the primary structure needed to provide the necessary support to prevent incontinence.  

This theory stresses that if this muscle cannot produce an effective contraction then the 

support of the urethra will be insufficient to cause it to be compressed effectively which 

will allow for the leakage of urine 4-8.    

 The Integral Theory cites inadequate support of the vagina as the primary cause of 

incontinence as without this support, the kink cannot form in the bladder neck This 

support is primarily dependent on the pubourethral ligaments 9-11. 

The fact that this theory centers on the pubourethral ligaments as the primary support 

structure necessary to maintain continence is not without controversy as it has been 

reported in an anatomic study of female pelvic floor anatomy that these ligaments do not 

exist or that thin flimsy strands of smooth muscle tissue with none of the physical 

properties or mechanical strength associated with ligaments have been mistakenly named 

as ligaments 21,32,33.  

 

3.5 Bladder Models: 
 

Modeling of the bladder follows bladder function and can be split into two 

separate parts, the modeling of bladder filling and the modeling of bladder contraction.  

Models of bladder filling frequently make the assumption that the process can be 

modeled as a passive quasi-static process where the increasing liquid volume within the 

bladder causes the pressure within the bladder to increase in a step wise fashion.  This 

increase in pressure causes the walls of the bladder to deform outward in order to 

accommodate an increasing volume of urine. 
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 The earliest studies of bladder mechanics made the assumptions that the bladder 

was made of an isotropic, homogenous, incompressible material and that it was spherical 

in shape in order to extract the constitutive equations to predict bladder deformation 

during filling 36,37.   In a study by Damaser and Lehman, the spherical assumption of the 

bladder was tested using stress-strain constitutive relationships and the thin shell 

assumption to model stretching in hypothetical spherical, oblate spheroidal and prolate 

spheroidal bladders.  Their findings indicate that for most regular shapes, the shape of the 

bladder does not greatly affect the compliance.  Severely oblate spheroidally shaped 

bladders are the most compliant and therefore allow for the greatest volume of urine to be 

stored in the bladder at the lowest pressure. However, when compared to physiological 

data there was no evidence of this being the case in humans.  This led them to conclude 

that the sensation of bladder fullness is likely not solely dependent on bladder pressure.  

As a result of this study, it can be concluded that the shape of the bladder is not as 

important in the modeling of the bladder as are the actual mechanical properties of the 

wall 38.    

 In a study published by Chi et al, the finite element method (FEM) was used to 

model the deformation of the walls of three organs, the bladder, the rectum, and the 

prostate.39   The goal of this study was to perform a sensitivity analysis on the FEM 

solutions in order to understand how varying the material properties assigned to the 

modeled structures would affect the FEM solutions describing the deformations of the 

organs under specified loads.   The authors found that in their simulations varying the 

material properties did not greatly impact the FEM predictions of the deformation of thin 

walled hollow organs such as the bladder and the rectum.  However, in the case of a solid 
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model such as the prostate gland, varying the material properties significantly affected 

the FEM prediction of the deformation of the prostate.  In order to validate their findings, 

and to demonstrate that the accuracy of the FEM solver used, the authors of this study 

constructed simplified models that could be solved analytically in order to compare the 

deformation predicted by the FEM models to the deformation predicted by the closed 

form solution.  In this case, the authors found that the deformations calculated by hand 

and those calculated by FEM were in close agreement demonstrating the validity of their 

methods and increasing the authors confidence in the accuracy of the results generated 

from the more complex models 39.  

 

3.6 Urethra Models 
 
Several studies have focused on modeling the urethra either mechanically or 

mathematically in both males and females.  In the early mathematical studies, such as 

those conducted by Backman and Ritter et al, the urethra is modeled as a straight rigid 

tube since little information was available at the time regarding flow in elastic tubes.  The 

main focus of these early studies was to establish a relationship that would enable 

prediction of the effective diameter of the urethra.  These studies concluded that, because 

urine flow was turbulent, the Bernoulli principle could be used in conjunction with 

pressure and flow rate data to determine the effective diameter of the urethra 40,41.    

Griffiths was the first to construct mathematical models of both male and female 

urethras with elastic walls 42-44.  In his first model of the female urethra, he assumed that 

during micturition the urethra was an elastic walled tube with a circular cross section 

whose radius varied gradually over the length of the urethra with a minimum cross 
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section at the midpoint, simulating the constriction seen at the bladder neck.  The elastic 

walls in this model were assumed to obey Hooke’s law of linear elasticity and have 

uniform elastic properties.  This allowed Griffiths to establish a relationship between 

pressure and radius of the urethra during micturition.  Fluid flow in this model was 

governed by the Bernoulli equation which was used to calculate the flow rate through the 

urethra.  Although this model made several simplifying assumptions regarding shape as 

well as elastic properties and urine flow properties in the urethra, it was the first to 

actually take into account urethral elasticity 42.  

Griffiths then extended this work by creating a model for an elastic walled male 

urethra, in which energy losses due to friction are accounted for due to the greater length 

of the male urethra 43,44. In addition, the elastic properties of the wall varied along the 

length of the model urethra.  The end result was that the male model of the urethra is 

more physiologically realistic than the female model since fewer simplifying assumptions 

were made.  Spangberg and colleagues furthered Griffiths initial work by using the 

models proposed by him to quantify urethral function.  They conclude that changes in the 

minimal opening pressure of the urethra and physiological changes which limit the ability 

of the urethra to distend during micturition are both possible causes for bladder outlet 

obstruction 45. 

Horak and Kren have produced one of the most complex finite element models of 

the male urethra to date.46  They modeled urine as a Newtonian fluid and its flow as non-

stationary, isothermal and turbulent.  The urethral wall was modeled in the opened 

position as an isotropic and linearly elastic material that is subject to large displacements 

and strains.  The authors incorporated this into a transient finite element model to solve 
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the flow and wall displacement problems. The difficulty in assessing this model comes 

from the fact that their publication focuses mainly on the construction and solution 

methods and while providing minimal results 46. 

 

3.7 Models of Stress Urinary Incontinence 

 To date only a small number of finite element models focusing on stress urinary 

incontinence have been published.  The first of these was published as part of a doctoral 

dissertation by Kyu-Jung Kim.  In the dissertation Kim outlined two dimensional models 

that could be used to study urethral closure during stress events47. 

 In his first model, Kim constructed a very simplified axis-symmetric model of the 

urethra and the pelvic floor utilizing literature values to specify the dimensions of the 

structures.  This model also included a representation of a 7 French catheter inserted into 

the lumen of the urethra.  The model was discretized using shell elements and 

incorporated linearly elastic material properties to define the mechanics of the 

structures47.   

 In this first model Kim modeled two states, a resting state and a state 

corresponding to elevated abdominal pressure.  In the resting state the model was run 

with a resting abdominal pressure obtained from literature applied to the model.  In this 

state he adjusted the Young’s moduli used to describe the tissues and the urethral loads 

applied to the exterior surface of the urethra until the closure pressure predicted by the 

model matched a resting closure pressure obtained from the literature.   In the elevated 

pressure state an abdominal pressure corresponding to that observed during a cough was 
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applied and the same parameters were varied until the urethral pressure closure pressure 

in the stressed state matched that reported in the literature47.   

 The goal of the first model was to predict the degree to which urethral closure is 

caused by active (muscle contractions) and passive (pressure transmission) forces.  The 

relative active and passive contributions were determined by predicting the amount of 

pressure that would act on the modeled catheter when the loads placed on the model were 

varied.  The difference between the predicted pressures then allowed him to determine 

the active and passive contributions to urethral closure.  The results of the models 

indicated that passive mechanisms dominated in affecting closure in the region of the 

bladder neck whereas active mechanisms dominated in the more distal regions of the 

urethra.  From these results he concluded that active contraction of the sphincter muscles 

and the pelvic floor play a key role in the maintenance of continence.47 

 In the second model in order to characterize the role of urethral support structures 

a second model was constructed based on a sagital section of a specially prepared 

cadaver.  This two-dimensional plain strain finite element model incorporated the 

bladder, urethra, endopelvic fascia and the levator ani muscles.  The model in this case 

was evaluated based on the predicted urethral closure pressure generated when forces 

designed to simulate the active contraction of the urethral sphincter and levator ani 

muscles were applied to the model.  The models findings indicated that properly timed 

levator ani contractions and support of the endopelvic fascia could potentially play a role 

in the maintenance of continence.47 

 A more recent model by Zhang et al constructed a very complex finite element 

model of the lower urinary tract and pelvic floor with the intention of studying the 
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feasibility of using a finite element model to study mechanics of stress incontinence that 

can occur in female athletes when landing a jump.48  This model incorporated idealized 

representations of the intestine, uterus, rectum, pelvis, pelvic diaphragm , vagina, urethra, 

uro-genital diaphragm, bladder and abdominal muscles.  In addition, urine was also 

included in this model in order to allow for the simulation of leakage.  The model 

incorporated sagital symmetry meaning that only half of the above listed structures were 

simulated.   The jump was modeled by assigning an initial velocity to all the structures 

that was reduced to zero to simulate the landing over a short period of time48.  The 

velocity and time until zero velocity was reached was specified based on experimental 

data.  All structures with the exception of the fluid were modeled as linearly elastic 

structures using the Lagrangian kinematic descriptions and discretized using hexahedral 

elements.  The fluid in this case was modeled using the Eulerian kinematic description  as 

a “viscosity material model”.  It is interesting to note that in this study what constitutes a 

leakage of urine is not clearly defined.  From the illustrations, it appears that a leakage of 

urine is defined as urine exiting the bladder and entering the urethra, all figures only 

show urine entering the proximal urethra and no figures are included that show full transit 

of the urine through the entire length of the urethra48.  

 The main finding of this work was that it is feasible to model stress incontinence 

induced by a jump using the finite element method.  In addition, this study also found that 

for low height jumps (less than 1 foot) the amount of urine contained within the bladder 

does not affect the volume of leaked urine and that increasing jump heights increased the 

predicted leaked volume of urine.  This study also found that the urethra does indeed 
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funnel at the level of the bladder neck during a jumping stress event which allows for 

urine to enter into the proximal urethra48. 

 Haridas et al has also proposed utilizing a finite element model with which to 

model the biomechanics of the lower urinary tract and pelvic floor49.  In their initial 

publication, a finite element model of the uterus, cervix, bladder, vagina, levator ani, 

endopelvic fascia and rectum was created from MRI scans of a single subject.  MRI scans 

were also acquired during a filling study and during the inflation of a transvaginal balloon 

which were then used to define deformations of the structures in a  finite element model.  

The inverse finite element method  was used to define the hyper-elastic material 

properties of the vagina, urethra and the bladder wall.  The model was then validated by 

simulating the inflation of a transvaginal balloon within the model and comparing the 

deformations predicted by the model to those observed in ultrasound images of the same 

event.  Good correlation was reported between the deformations predicted by the model 

and the deformations observed in the ultrasound images49. 

 

3.8 Summary 

 As stated above the feasibility of utilizing the finite element method to model the 

lower urinary tract and pelvic floor has been demonstrated.  The models focusing on 

modeling stress incontinence show that it is possible to model the fluid structure 

interactions that occur during stress events as well.  The current work expands on the 

previously published models in that this work focuses not only on modeling the 

mechanics of the bladder and urethra during a stress events (cough and valsalva 

maneuver)  it also focuses on incorporating clinical urodynamics into the models and 
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attempting to determine if a model can show mechanical differences between continent 

and stress incontinent women.  In the previous models the modeling effort has focused on 

modeling a specific mechanical aspect of the continence mechanism (urethral closure) or 

demonstrating that the finite element model can simulate the leaking situation.  This work 

focuses on trying to determine under what conditions or parameters will a leak occur or 

not occur in order to gain insight into how the mechanics of continence may differ 

between continent and stress incontinent women. 
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CHAPTER IV 

 

FINITE ELEMENT METHODS 

 

4.1 Introduction 

It is beyond the scope of this dissertation to provide an in depth description of the 

finite element method (FEM) and the derivation of the equations utilized as this would 

only duplicate the work of several excellent resources available on the subject.50-53  As a 

result, this section will focus on providing a general overview of the finite element 

method and focus on the specialized techniques and methods that were used to construct 

the models presented in this dissertation.  In this work the explicit finite element solver 

LS Dyna (LSTC Corporation Livermore, CA) was used to run all of the simulations 

presented.  Therefore, the description of the FEM techniques presented in this section 

will also focus on how these methods have been incorporated into this particular software 

package. 
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4.2 Finite Element Method 

In continuum mechanics problems, the main goal is to determine the value of the 

field variable (pressure, temperature, stress, displacement etc.) at various points within 

the continuum.  However, a continuum is defined as having an infinite number of points 

contained within the boundaries of that continuum.54  Therefore the only way the value of 

the field variable can be calculated at each point in the continuum is if a closed form 

solution exists for that particular continuum.  With the exception of very simple problems 

this closed form solution does not exist and as a result, the solution must be 

approximated.  The finite element method (FEM) is a mathematical technique 

specifically formulated to generate these approximate solutions.  FEM accomplishes this 

by representing the continuum with a finite number of simple shapes known as elements 

and calculating the field variable at a finite number of points, known as nodes, 

corresponding to each element.50-52   

 The finite element solution to a problem involves a seven step process.  The first 

step is to discretize the continuum using a number of simple shapes known as elements.  

There are a variety of shapes that these elements can take however; the most common 

shapes used to discretize three dimensional problems are hexahedrals or tetrahedrals.  

The next step then is to select interpolation functions for the problem.  Interpolation 

functions are typically polynomials that define how the field variable varies within an 

element.  Once the continuum has been discretized and the interpolation functions have 

been chosen, the next step is to define the matrix equations that will determine the 

behavior of an element in a given situation.  The matrix equations for a given element are 

determined by the direct method, the variational method or the method of weighted 

35 



 

residuals.  Once the matrix equations are determined, the next step is to assemble the 

matrix equations for each individual element into a system of equations.  In other words 

just as the individual matrix equations define the behavior of an individual element, the 

assembled system of equations which combines all of these equations for all the elements 

in the continuum, will define how the system behaves under a given set of conditions.  

The assembly of the individual element matrix equations into the system of equations is 

based on the connectivity of the elements as each element shares nodes with neighboring 

elements.  Therefore, when the system of equations is generated, this sharing of nodes 

must be accounted for in order to define the interconnectivity of the elements.    After the 

system of equations has been constructed the next step is to impose boundary conditions 

on the problem.  It is during this phase that loads are assigned to the appropriate nodes 

and the value of the field variable at nodes where this value is known are defined.  After 

the boundary conditions have been established, the next step is to solve the system of 

equations for the unknown values of the field variable at each node.  After solving for the 

field variable, it is then possible to use these values in the final step of calculating other 

parameters that are important to defining the behavior of the system as a whole.50-52   

 It should be noted that when using commercial finite element solvers, most of the 

above steps are performed automatically by the software package with little input from 

the user.  However, the steps involving the discretization of the continuum and the 

assignment of boundary conditions, material properties and loads require significant user 

input to define and troubleshoot each unique problem being considered.  
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4.3 Dynamic Finite Element Method 

 During a stress event such as a cough, the forces acting on the bladder and urethra 

vary rapidly with time.  As a result, static finite element modeling where the loads and 

deformations are modeled as being constant with respect to time is not sufficient to model 

the rapidly changing forces acting on the model or the resulting rapidly changing 

displacements. 

 In static finite element modeling the equation relating force and displacement has 

the following form50-52,55,56. 

     {F} = [K] {δ}     Eq. 1  

Where {F} is the nodal force vector, {δ} is the nodal displacement vector and [K] is the 

global stiffness matrix.  It should be noted that the formulation of [K] varies based on the 

shape and type of elements used and the material properties used to describe the modeled 

structures.  As can be seen from this equation the forces and displacements in this case do 

not vary with time.  In the case of dynamic finite element modeling the equations relating 

forces and displacement have the following form based on Newton’s second law.  Which 

states that the total force applied on a body is equal to the time derivative of linear 

momentum of the body 50,51,55,56.      

       Eq. 2  )}({}]{[}]{[}]{[
...

tFKCM =++ δδδ

Where [M] is the global mass matrix, [C] the global damping matrix,  is the second 

derivative of the nodal displacement vector with respect to time (acceleration) and  is 

the first derivative of the nodal displacement vector with respect to time (velocity).  Due 

the fact that the displacement vector and its derivatives vary with time during a dynamic 

}{
..
δ

}{
.
δ
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event, the equations of motion must be solved in which an incremental time stepping 

scheme is utilized.  In this scheme the dynamic equations are solved at instantaneous 

moments in time during the event that are separated by a fixed interval of time.  The 

techniques used to solve these equations incorporate one of the following approaches, the 

implicit approach or the explicit approach which will be discussed in the following 

section 50,51,55,56. 

 

4.4 Implicit vs. Explicit Aproaches to Solving Dynamic Finite Element Problems 

 As mentioned above finite element solutions to problems involving time 

dependent forces and displacements incorporate either an explicit or implicit approach to 

obtain the solution, with each approach having its own advantages and disadvantages.  

The main difference between the approaches is that the explicit approach utilizes only 

historical or known data to calculate the value of the field variable for each time 

increment.  This means that the value of the displacement vector at the time point (t + Δt) 

will be a function of the value of the displacement vector and its derivatives at the current 

time point (t) and the time point (t-Δt).50,51,55,56    Symbolically this can be written as: 

                      Eq. 3 ....)}{,}{,}{,}{,}{,}({}{
......

ttttttttttt f Δ−Δ−Δ−Δ+ = δδδδδδδ

In other words by definition in the explicit approach only one unknown in this case the 

value of  {δ} at t = t+Δt, is solved for, which means all of the rest of the terms on the 

right hand side of Eq. 3 must be known.  The explicit method incorporates a marching 

type of solution in which the value of the unknown is calculated at each time increment 

and subsequently used to calculate the value of the unknown in the next time increment.  

This differs from the implicit method in that in the implicit method the value of {δ} at the 
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time point  (t + Δt) is a function not only of the historical values of {δ} and its derivatives 

but also the value of {δ} and its derivatives at  the time point (t + Δt) 50,51,55,56.  

Symbolically, this can be written as: 

   Eq. 4 

        

,....)}{,}{,}{,}{,}{,}{,}{,}({}{
.........

ttttttttttttttt f Δ−Δ−Δ−Δ+Δ+Δ+ = δδδδδδδδδ

In the above equation it can be seen that there are three unknowns indicating that in the 

implicit approach an iterative scheme would need to be incorporated in which the value 

of {δ} at all time points would need to be solved as a systems of equations 50,51,55,56.     

 By applying the explicit approach and a half step central difference method to 

Equation 3, and solving for the displacement vector {δ} at the time point (t+Δt) the 

following equation is obtained 50,51,55,56            
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   Eq. 5 

When the mass matrix [M] is a diagonal matrix the solution of the above equation even 

with the inversion of the mass matrix is relatively straight forward.  However, it should 

be noted that the above equation is conditionally stable in that increment Δt must be small 

enough to prevent the calculations from becoming unstable. In order prevent this from 

occurring, Δt is set based on the characteristic length of the smallest element divided by 

the dialational wave speed of the material 50,51,55,56.     As a result of the above condition, 

the explicit approach generally requires the use of very small time increments to maintain 

solution stability which significantly increases the computational cost of utilizing the 

explicit approach 50,51,55-60. 
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 When the implicit approach is applied to Equation 4 and the Newmark method is 

used to calculate the values of nodal acceleration and velocity using the factors γ and β to 

control accuracy, numerical stability and damping, and the resulting equation is solved 

for the displacement vector {δ} at the time point (t+Δt) the following equation is 

obtained.50,51,55,56  
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Where 
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   Eq. 7 

Due to the fact that [K*] contains the stiffness matrix [K] the resulting matrix will not be 

diagonal and as a result the computation of {δ} at the time point (t+Δt) requires the 

inversion of a non-diagonal matrix which significantly increases the computational cost 

of utilizing the implicit approach.50,51,55,56 

 The implicit approach is considered to provide a more accurate solution than the 

explicit approach.50,51,55-60  The main draw back to using the implicit approach stems 

from the fact that, the inversion of the stiffness matrix remains very computationally 

expensive and in the case of complex problems this computational expense can be 

prohibitive in that a solution may not be achieved.  The explicit method is considered 

despite the large number of time steps required to maintain stability the computationally 

less expensive of the two approaches 50,51,55-60.  In addition, the explicit approach has 
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been shown by others to be able to effectively solve and generate useful solutions to 

problems with similar complexity to the ones faced in this dissertation 46,48,61-66. 

 

4.5 Finite Element Modeling of Fluid Structure Interactions 

 In the above discussion, the basics of utilizing the finite element method to solve 

dynamic structural mechanics problems were summarized.  In modeling SUI, it is not 

sufficient to model only the structures of the bladder and urethra.  One must also account 

for the fluid (urine) contained within the bladder and the fact that during an event in 

which the abdominal pressure rises, that fluid may be forced into and through the urethra.  

As a result, the associated fluid structure interactions must be accounted for.  In terms of 

the finite element method modeling the fluid in this case is not trivial as in order to enter 

and transit the urethral lumen the fluid as a whole must undergo large deformations.  In 

order to account for this, the bladder, urethra and the fluid can be modeled using a 

Lagrangian Formulation, an Eulerian Formulation or an Arbitrary Lagrangian Eulerian 

Formulation (ALE).  Each of the above techniques as well as the associated pros and cons 

of utilizing each formulation to model the fluid structure interactions will be summarized 

in the following sections.  

 
 
4.5.1 Lagrangian Formulation: 
 
 The Lagrangian Formulation is the most commonly used formulation in structural 

mechanics to model the deformation of structures 65-70.  This formulation was designed so 

that the finite element mesh deforms in the same manner as the continuum that it 

represents and that the elements of the mesh always represent the same portion of the 
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continuum.  In the Lagrangian description of motion/deformation, all motion and 

deformation is defined by comparing the location of a particular point in the 

new/deformed configuration to its original location in the undeformed configuration.  As 

a result, the location of a particular point in the deformed structure is dependent on its 

location in the original structure.  Defining deformation in this manner offers several 

advantages, due to the fact that each element represents the same portion of the 

continuum at all times makes the tracking of interfaces and free surfaces  relatively 

straight forward.  In addition, this definition of deformation is very useful when modeling 

materials that have history dependent behaviors as it is easy to follow and keep track of 

the deformations and loads acting on a particular part of the continuum at a given time.65-

70  The main disadvantage to using this approach occurs in situations where large 

deformations occur.  In these cases, the Lagrangian based algorithms tend to produce less 

accurate results 65-69.  In addition, large deformations can result in the computational 

mesh becoming twisted or developing negative volume elements which in both cases will 

cause the simulation to fail.  In certain cases where unstructured meshes are used it is 

possible to work around this problem by performing frequent remeshing steps at regular 

intervals during the simulation 50-52,65-67,70.   

 
 
4.5.2 Eulerian Formulation 
 

The Eulerian description was developed to compensate for some of the 

shortcomings of the Langrangian description 50-52,65-67,70.  In the Eulerian description 

which is popular in modeling fluid mechanics, the computational mesh is fixed in space 

and the continuum moves with respect to the grid.  The basic idea of this method is that 
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the modeler is solely interested in the physical quantities associated with only that portion 

of the moving continuum that is present within a given element at any given instant of 

time.  For example, in fluid mechanics, one might be interested in the flow patterns and 

velocity of flow in a given region.  In these cases, one does not need to follow the 

particles throughout the geometry as one is only interested in their behavior in a given 

region.  The Eulerian algorithms are based on the conservation equations which are 

formulated in terms of spatial coordinates and time.  As a result, the Eulerian description 

of motion only accounts for those variables and functions having an instantaneous 

significance in a fixed region of space.  Deformations and distortions in the Eulerian 

method are defined relative to the deformed orientation of the continuum rather than the 

original orientation.  The advantage of using the Eulerian method is that large 

deformations and distortions can be handled with ease.  The disadvantages of this method 

include the fact that because the nodes of the computational mesh are dissociated from 

the material particles, convection effects must be accounted for.  The non-symmetric 

character of the associated convection operators frequently causes numerical difficulties 

in these methods.  Another drawback associated with the use of this method is that it is 

difficult to track and find interfaces between materials and mobile boundaries.  This 

stems from the fact that the continuum moves through the mesh, meaning that at any 

given time a moving boundary will not always be in the same place.  Further 

complications can also arise when the boundary lies within an element which means that 

at a given time, that particular element may contain two or more different materials that 

will need to be accounted for 50-52,65-67,70. 
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4.5.3 Arbitrary Lagrangian Eulerian (ALE) Formulation: 

The Arbitrary Lagrangian Eulerian method was designed to take advantage of the 

best parts of both the Lagranagian and Eulerian methods while eliminating or minimizing 

the problems of each of these methods.50-52,65-73   This method is designed to handle larger 

deformations than the ones that can be handled by the Lagrangian method while at the 

same time allowing for the tracking of interfaces and boundaries that is impossible in the 

Eulerian method.  The main advantage of the ALE method is that the nodes of the 

computational mesh can either move with the continuum as they would in the Lagrangian 

description or be fixed as they would in the Eulerian description with the continuum 

moving through the fixed elements.    In order to accomplish this, the ALE method does 

not use the undeformed or deformed configuration in order to define motion 

(deformations / distortion).  Instead it uses a third configuration, referred to as the 

referential configuration.   By defining the location based on the referential configuration, 

it is possible to relate motion to either the material (undeformed) or spatial (deformed) 

domain as required 50-52,65-73.   

 The ALE algorithms used to handle large deformation problems can be thought of 

as automatic rezoning algorithms50-52,65-73.    Prior to the introduction of ALE algorithms, 

FEM problems involving large deformation had to be stopped at regular intervals in order 

to smooth the distorted mesh to prevent mesh entanglements and extreme distortions.  

The smoothing step had to be done manually by removing the distorted mesh and 

generating a new mesh for the deformed geometry while mapping the solution to the new 

geometry.  The ALE algorithms handle these same problems by processing a Lagrangian 

time step, followed by a remap or an advection time step.  During the advection step, an 
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incremental rezone is performed where the nodes of the mesh are moved a fraction of the 

characteristic length of the elements to which they are associated.  In this advection step 

the topology of the mesh remains constant.  The advantage of using ALE algorithms over 

manual rezoning algorithms lies in the fact that ALE algorithms are often more accurate 

as the ALE rezoning and remapping algorithms are second order accurate whereas the 

manual algorithms are only first order accurate50-52,65-73.     

 It is during the advection step that the Eulerian calculations are also carried out 

since it is during this step that the amount of material transported between neighboring 

elements is calculated as is the momentum transport and the velocity of the nodes.  The 

advection step usually dictates the computational cost of the solution as this step is 

usually much more computationally expensive than the Lagrangian step}.    It is also 

during this step when most failures occur due to rezoning difficulties if no smooth mesh 

is possible due to the large deformations of the Lagrangian defined boundary mesh50-52,65-

73.   

 In terms of modeling SUI, each of the above formulations has pros and cons 

associated with it.  The Lagrangian formulation would be the preferred formulation in 

regards to the tracking of the interfaces between the bladder wall, the urethra and the 

urine.  However, the large deformations that the fluid must undergo when modeling 

incontinence and the large number of remeshing steps that would have to be incorporated 

make this formulation unsuitable for modeling the leakage of urine.  The Eulerian 

formulation would allow for the modeling of the fluid deformations associated with urine 

leakage without the need for the remeshing steps, unfortunately, the difficulties arising 

from not being able to track the boundaries between the urine and the structures make 
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this formulation less than ideal in this case.  This leaves the arbitrary Lagrangian Eulerian 

which has been the method of choice in the field for fluid structure interaction problems 

65,66,69,70,72,74,75.  This method would allow for both the tracking of the fluid structure 

interfaces as well as the modeling of the large deformations associated with the leakage 

of urine.  However, the remeshing steps associated with the pure ALE method would still 

present problems in this case as the automatic rezoning algorithms would not be able to 

reolve the large deformations of the fluid mesh necessary to model the fluid being forced 

into the urethra.   As a result, a simplified form of the ALE method known as the operator 

split method which eliminates the need to perform the remeshing may provide a solution.  

This method has been used in the past to model similar situations such as the fluid 

structure interactions that occur during left ventricle contraction and to model blood flow 

in the aortic root where the large distortions of the fluid continuum also present 

difficulties in terms of the remeshing step used in traditional ALE methods. 61-64 

 

4.5.4 Operator Split Method 

 In the operator split method the Lagrangian mesh is embedded within an Eulerian 

mesh that is fixed in space meaning that the both the Lagrangian and Eulerian mesh are 

co-located within the same spatial domain. 61-64,70  Similar to the ALE method, a 

Lagrangian step is performed in which the deformation of the Lagrangian structures is 

calculated.  This step is then followed by an Eulerian calculation or advection step in 

which the motion of the fluid that occurs in response to the calculated Lagrangian 

deformation is mapped onto the Eulerian mesh which does not move.  The main 

difference between this method and the traditional ALE method is that during the 
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advection step, the Eulerian mesh does not move therefore there is no need for a 

remeshing or a mesh updating step.61-64,70  

 One of the main issues that arises from utilizing the operator split method is that 

there is no time step associated with the Eulerian steps of the solution70.  The Eulerian 

step in this method serves only to project the solution of the Lagrangian mesh onto the 

Eulerian mesh.  As a result, time only evolves in the Lagrangian step which due to the 

fact that an explicit solver is being used in this case is not fully second order accurate in 

time.  This in turn indicates that the operator split method will generate a solution that is 

less than second order accurate70.  However, due to the complex fluid structure 

interactions that must occur during SUI, it remains the most attractive option. 

 In LS Dyna the Lagrangian and Eulerian domains in the split operator method are 

coupled through the use of the penalty coupling method.76-78  In this method, the 

materials defined by the Eulerian mesh are categorized as the master materials and the 

materials defined by the Lagrangian mesh as slave materials.  During a time step after the 

nodal forces are calculated for both the structure and the fluid, fluid coupling forces are 

calculated at the fluid structure interface based on the predicted penetration of the slave 

material nodes into the master material elements.  This can be thought of as assigning 

springs to couple the master and slave material to one another to resist the penetration of 

the slave material into the master material (Figure 4) by applying forces to return the 

penetrating slave material back to the interface between the two meshes.  The magnitude 

of the coupling force is proportional to the depth of penetration with a higher resisting 

force being applied for a deeper penetration and is defined as follows 
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F = kd      Eq. 8 

Where F is the coupling force, k the spring constant and d the predicted depth of 

penetration of the slave material into the master material. 

The spring stiffness is defined by the following equation 

     
V
KApk f=      Eq. 9 

Where K is the bulk modulus of the fluid, A the area of the master segment, V the 

volume of the master element and pf the scale factor for interface stiffness.  The default 

value of pf  in LS Dyna 0.1.76-78   

 As the penalty coupling factor functions by coupling the Lagrangian and Eulerian 

meshes together through the use of springs there is the potential for numerical dissipation 

to occur at the interface due to the vibrations of the springs.76-78    To compensate for this 

LS Dyna allows the user to specify the degree to which the coupling system is damped.  

Damping can range from a completely undamped system to a critically damped system.   
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t = t0 

Figure 4: Schematic of Penalty Coupling Method.  In the above drawing the blue 
structure represents the slave surface and red the master surface.  A illustrates the 
undeformed configuration. B illustrates the penalty coupled surfaces in which the slave 
surface has penetrated the master where a spring has been added and the corresponding 
forces applied to return the slave node to the interface.  C represents a damped version of 
the penalty coupling method  
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4.6 Material Properties 
  
 In continuum mechanics, the behavior of a continuum is often affected by the type 

of material that the continuum is composed of.  FEM takes account for this by 

incorporating the material properties of the continuum into the interpolation functions 

that describe the distribution of the field variable across the element.  In the case of 

deformation modeling in response to a load this typically involves fitting a mathematical 

relationship to an experimentally acquired stress strain curve 50-52.    

As of this writing there have only been two studies that have published material 

property data specifically for the structures associated with the lower urinary tract and 

pelvic floor.  Yamada, assumed that the constitutive relation is linearly elastic (Equation 

10)  and published a modulus of elasticity for several of the structures in Table I48,79. 

 
 
     εσ E=      Eq. 10 
    
Where σ = stress 
 E = modulus of elasticity 
 ε = strain 
 
Table I: Published linear material properties of the structures of the lower urinary tract 
and pelvic floor. 79 (Note a Poisson’s Ratio of 0.45 was assumed in this study) 
 

Tissue Modulus of  Elasticity (E) 
(MPa) 

Density 
(kg/m3) 

Bladder 0.05 1030 
Urethra 0.3 1030 
Uterus  0.05 1030 
Vagina 0.005 1030 
Rectum 0.1 1030 
Intestine  0.1 1030 

Muscle (contracted) 2.4 1040 
Fascia 1.2 1010 

Ligament 1.2 1010 
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Haridas et al also published material property data for several structures of the 

pelvic floor and lower urinary tract 49. However, they did not assume linear elastic 

material properties for all structures.  For certain structures, the Blatz Ko and Mooney 

Rivlin constitutive equations were assumed to define the material properties.  In making 

this assumption, Haridas et al assumed that these structures were isotropic hyper-elastic 

materials, i.e. the materials are structurally uniform with no variation throughout the 

structure49,80. The mechanical properties of a hyper-elastic material are completely 

dependent on a scalar strain energy density function associated with the free energy per 

unit undeformed volume of the material (Equation 11). 

 

     
E
Ws
∂
∂

=      Eq. 11 

 
Where s = Second Pioloa Kirchoff Stress Tensor 

W = Strain Energy Density Function 
 E =  Lagrangian Strain Tensor 
 

Haridas et al used two different constitutive relationships Blatz Ko and Mooney 

Rivlin to describe hyper-elastic materials  based on the results of their experiments 49. 

The main difference between these two constitutive relations lies in the strain energy 

density function used to describe each material80.  The strain energy density functions  for 

a Blatz Ko and Mooney Rivlin type material are shown in equation 12 and 13 

respectively. 
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Where μ = Shear Modulus 
 υ = Poisson’s Ratio 
 I2 = Second Strain Invariant 
 I3 = Third Strain Invariant 
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    )3()3( 21 −+−= IBIAW     Eq. 13 
 
Where A = Experimentally Determined Constant 
 B = Experimentally Determined Constant 
 I1 = First Strain Invariant 

I2 = Second Strain Invariant 
 

Table II: Published linear and non-linear material properties for structures of the lower 
urinary tract and pelvic floor 49. (Note a Poisson’s Ratio of 0.45 was assumed in this 
study) 
 

Tissue Constitutive Equation Constants 
Vesico Vagina Layers Blatz  Ko Shear Modulus (μ) 2.5kPa 
Recto Vagina Layers Blatz Ko Shear Modulus (μ) 1.25 kPa 

Bladder Wall Mooney-Rivlin Constant A: 7.5 kPa 
Constant B: 2.5 kPa 

Rectum  Linearly Elastic Modulus of Elasticity (E) 
900 kPa 

Uterus Linearly Elastic Modulus of Elasticity (E) 
50 kPa 

Urethra Blatz Ko Shear Modulus (μ) 100 kPa 
 

 In this study urine was defined as an elastic fluid and assumed to have material 

properties of water.  The modeled mechanics of the elastic fluid are determined by the 

bulk modulus (K) of the material which was set to 2.2 x 109 Pa for all models presented 

in this dissertation.81,82 
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CHAPTER V 
 
 
 
 

MODELING THE BLADDER AND URETHRA DURING A CONTINENT 
COUGH 

 
 
 

One of the main challenges faced in constructing a model of the lower urinary tract 

and pelvic floor is the lack of sufficiently detailed material properties of the relevant 

tissues due to the extreme difficulty in acquiring in-vivo values.48,49   Therefore, the main 

goal of the first objective  was to validate a simplified finite element model with clinical 

urodynamic data of a subject coughing and use it to determine the effects of variations in 

material properties.  

 
 
5.1 Methods 
 
 

5.1.1 Urodynamics 

 Following IRB approval, urodynamic data was obtained from six continent 

women between the ages of 28 and 79 during coughs at maximum cystometric capacity.  

Maximum Cystometric Capacity is defined as the maximum valume of fluid a patient can 
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store within their bladder with out having to void.   To be included in this study, the 

women had to have no history of incontinence, pelvic floor surgery, or neuromuscular 

disease.  Women were also excluded from the study if they had given birth vaginally 

within six months prior to the urodynamic testing.   Cystometry was performed using 

sterilized water at a fill rate of 80 mL/min with the subject in a birthing chair reclined at 

45 degrees until the patient’s maximum cystometric capacity was reached.  To estimate 

abdominal pressure (Pabd), an 8 French micro tipped catheter (Millar Instruments, 

Houston, Texas) was placed in the subject’s vagina.  Urethral pressure profilemetry was 

performed through the use of an 8 French dual-micro tipped catheter with an infusion 

port (Millar Instruments, Houston, Texas).  Urethral pressure profiles (UPP) were 

acquired by initially placing the catheter so that both tips were located within the bladder, 

once inserted; the catheter was then withdrawn at a rate of 1 mm per second with pressure 

measurements being acquired at 0.2 second intervals (Figure 5).  The catheter was then 

reinserted so that the distal tip was located within the bladder to measure vesical pressure 

(Pves) and the proximal tip was located within the urethra at the position corresponding 

to the maximum urethral pressure measured during the UPP facing the 9 o’clock position 

to measure the urethral pressure (Pura).  Abdominal, vesical and urethral pressure data 

were then acquired at 0.2 second intervals both while the patient was at rest and during 

cough and valsalva events (Figure 6). 
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Figure 5:  Example of a UPP obtained from a 28 year old continent female.  Normalized 
length = 0 corresponds to the location where the urethra attaches to the bladder.  
Normalized length =1 corresponds to the urethral outlet.  Pressure readings were acquired 
at 0.2 s intervals as the catheter was withdrawn at a rate of 1mm/s  (Urethral Length = 34 
mm). 
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Figure 6: Example of urodynamic pressure measurements acquired during a 1.8 second 
cough in a 28 year old patient at maximum cystometric capacity (536 mL) (Blue = Pabd, 
Pink = Pves and Green = Pura) 
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5.1.2 MODELING  
 
 The initial model for this study incorporated urodynamic data including Pabd and 

Pves obtained from a 28 year old continent subject during a 1.8 second cough (Figure 7). 

This initial model was then used to determine both which set of material properties 

(linear or non-linear) when incorporated in the model would result in the most accurate 

prediction of Pves and what effect varying these material properties would have on the 

predicted Pves.  Once the material properties that produced the most accurate prediction 

of Pves were identified, an additional 5 models were constructed utilizing urodynamic 

data from 5 additional patients to test whether the results obtained in the original model 

could be replicated in these additional models.    

 
 
Figure 7: FEM model based on urodynamic data acquired from a 28 year old continent 
female (Right).  Cross Section of Model (Left)  Patient Specific Dimensions:  Bladder ID 
= 100.8mm, Bladder OD = 102.6mm  Urethra Length = 34mm 
 

Several simplifying assumptions were made to create the geometry of the models.  

The bladder was modeled as a sphere, consistent with several previous studies that have 

also used a spherical shape to study the mechanics of the bladder.36-38,83-86   In the initial 

model, the inner diameter of the bladder was set to 100.8 mm, based on the maximum 
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cystometric capacity of 536 mL for this subject, at which the cough occurred. The 

thickness of the wall was calculated based on the findings of Chan et al, who found that 

in a cohort of 42 women with normal urodynamics, the average bladder wall thickness 

was 1.7mm when 200 cc of fluid was contained within the bladder.87  We utilized this 

finding by assuming bladder wall material is incompressible, as has been assumed in 

previous bladder models giving a wall thickness of 0.9 mm at a volume of 536 mL in the 

initial model.38,47  In the five additional models used to validate the findings of the initial 

model, the bladder inner diameter ranged between 92.2 mm and 108 mm (mean 98.6 mm, 

std dev = 7.3 mm) while the outer diameter ranged between 94.2mm and 109.6 mm 

(mean 100.5 mm, std dev = 7.1 mm).  The bladder wall thickness in these models ranged 

between 1.6 mm and 2.0 mm (mean = 1.9 mm, std dev = 0.18 mm).  

To simplify the geometry of the urethra, it was modeled as a cylindrical tube, as 

has been done in several other studies.40-42,45,84-86  The outer diameter was set to 11.5 mm 

based on sagital measurements published by Umek et al.88,89  The length of the urethra 

was determined based on the UPP obtained during individual urodynamic testing and in 

the initial model was set to 34 mm.  In the additional validation models the urethral 

length ranged between 15.8 mm and 39.8 mm (mean 27.9 mm, std dev = 10.8 mm).  

Since the subjects utilized for this study were continent, the assumption was made that in 

continent patients all of the urine remains in the bladder at all times.  This allowed the 

geometry to be simplified by not including a lumen in the urethra.  

The support structure through which the urethra passes and on which the bladder 

rests was assumed to be bowl-shaped based on drawings observed in anatomy text 

books.14,90  The dimensions of the bowl were based on the dimensions of the pelvic inlet 

57 



 

determined by Janda et al who reported the pelvic inlet to be elliptical in shape with a 

long axis dimension of 140 mm and a short axis dimension of 122 mm.91 To further 

simplify the geometry, a circular shape was adopted by taking the average of the two axis 

values and setting the diameter of the top rim of the support structure to 131mm.  The 

outlet of the bowl was set to be equal to the diameter of the urethra to prevent excessive 

movement of the urethra.  As an initial approximation, the thickness of the bowl was set 

to 2 mm to equal the thickness of the levator ani muscle reported by D’Aulignac et al.92   

These dimensions were used in all models in this study.  

All structures were represented in the models as a mesh of solid eight node 

hexahedral elements with the exception of the fluid which was represented using eight 

node hexahedral elastic fluid elements, allowing the fluid to be treated as a quasi solid 

whose deformation is determined by the bulk modulus of the liquid (Table III).81,82  All 

meshes were created using the commercially available software package TrueGrid (XYZ 

Corporation Livermore, CA). 

Table III: Mesh Density 
 

Structure # of Elements 
Bladder 2,880 

Fluid 12,096 
Bladder Neck and Urethra 26,784 

Support Structure 15,488 
 
  

To prevent rigid body translation, boundary conditions were applied to 

completely constrain the rim of the support structure and the walls of the urethral orifice. 

To simulate the support of the vagina, the distal two-thirds of the urethra were also 

constrained for translation in all axes as well as for rotation about the z-axis.  Contact of 

the bladder, the bladder base, the urethra with the support structure was modeled using a 
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surface to surface contact algorithm provided with the LS Dyna FEM modeling software 

that allowed the materials to come into contact and continue deform while preventing the 

sliding of the materials relative to one another (LSTC Corporation, Livermore 

California).81,82 

 To date, two sets of material properties one linear, the other nonlinear are 

available for the bladder and urethra through the work of Yamada and Haridas et al 

respectively.49,79,93  Through an inverse finite element model Haridas et al determined 

that the mechanical behavior of the bladder and urethra can be characterized using hyper-

elastic constitutive equations as described in Chapter IV with the bladder being described 

as a Mooney Rivlin material and the urethra as a Blatz Ko material.49  Both sets of 

material properties were evaluated  by constructing two versions of the initial model that 

were identical in every other aspect except the structural material properties assigned to 

the bladder and the urethra.  Due to the fact that neither Haridas nor Yamada published 

information regarding the Poisson’s ratio, a Poisson’s ration of 0.45 was assumed for all 

materials where this value was necessary to fully define the material properties 

 

5.1.3 Simulations 

Each model was loaded by applying pressure loads to the top hemisphere of the 

bladder that corresponded with the rise in Pabd relative to its baseline (Figure 8).  Each of 

the 6 models used in this study was loaded based on a cough event that was recorded for 

each individual patient.  It was assumed in this study that the rise in bladder pressure 

observed during a cough resulted solely from increased abdominal pressure that occurred 

in the absence of bladder contractions.  
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Figure 8:  Pabd Loads acquired from the same 28 year old continent patient as modeled 
in Figure 7, during a cough event and normalized to baseline 

 

Comparison of the two material property sets was performed by comparing Pves 

measured during urodynamics to the Pves predicted by the model by taking the average 

of the pressure predicted in four elements located at the center of the model when non-

linear and linear material properties were incorporated.  To further evaluate the effects of 

the material properties on the vesical pressure predicted by the model, a series of 

simulations were run in which the materials incorporated in these two models were made 

more compliant or more stiff by either decreasing or increasing the coefficients by which 

the material properties were defined by a factor of 0.75 or 2.0 respectively (Tables IV & 

V).  The effects of these changes was evaluated by comparing the resultant Pves and 

resultant displacements to the Pves and displacements predicted by the models using 

published data.  All models were solved using the explicit finite element solver LS Dyna 
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(Livermore CA) on a IBM Cluster 1350 Super Computer (Ohio Super Computing Center 

Columbus, OH) using the equivalent of 20 processors for each simulation. 

 
Table IV: Simulation Details 

 
Simulation Description 

A Published Values used for all Structures 
B Stiff Bladder Wall 
C Stiff Support Structure 
D Stiff Urethra & Bladder Neck 
E Compliant Bladder Wall 
F Compliant Support Structure 
G Compliant Urethra & Bladder Neck  
H Stiff values used for all structures 
I Compliant values used for all structures 

 
 

Table V: Material Properties Used in Non-Linear and Linear Models49,79 
(Density of Materials defined in Table I, Poisson’s Ratio = 0.45) 

 
Structure Material Type (Non-

Linear Models) 
Constants(Non-
Linear Models) 

Constants 
(Linear Models) 

Bladder  
(Published) 

Mooney Rivlin A=7500 
B=2500 

E = 5e4 Pa 

Bladder 
(Stiff) 

Mooney Rivlin A=15000 
B=5000 

E = 1e5 Pa 

Bladder  
(Compliant) 

Mooney Rivlin A=3750 
B=1250 

E = 3.75e4 Pa 

Support Structure 
(Published) 

Linear Elastic E = 5e6 Pa E = 5e6 Pa 

Support Structure 
(Stiff) 

Linear Elastic E = 1e7 Pa E = 1e7 Pa 

Support Structure 
(Compliant) 

Linear Elastic E = 3.75e6 Pa E = 3.75e6 Pa 

Urethra & Bladder 
Neck 
(Published) 

Blatz Ko μ = 1e5 Pa E = 5e6 Pa 

Urethra & Bladder 
Neck 
(Stiff) 

Blatz Ko μ = 2e5 Pa E = 1e7 Pa 

Urethra & Bladder 
Neck  
(Compliant) 

Blatz Ko μ = 7.5e4 Pa E = 3.75e6 Pa 

Urine Elastic Fluid K = 2.2e9 Pa K = 2.2 e9 Pa 
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To test the repeatability of the model, 5 additional models were constructed 

utilizing the urodynamic data from 5 additional patients as described earlier (Table VI).  

In each case a cough was simulated (Figure 9) and the model evaluated by comparing 

Pves predicted by the model to Pves measured during urodynamic testing .  Non-linear 

material properties were used in these models since our initial results demonstrated that 

the predicted Pves in models incorporating these material properties more closely 

replicated the measured Pves in the initial models. 

 
Table VI: Model details for 5 additional subjects 

 
Subject Subject 

Age 
Bladder 
ID (mm) 

Bladder 
OD (mm) 

Urethra 
Length 
(mm) 

Type of 
Event 

Duration 
of Event 

(s) 
1 71 108 109.6 15.8 Cough 2.0 
2 38 92.6 94.6 35.3 Cough 1.4 
3 79 92.2 94.2 17.2 Cough 1.6 
4 29 95.6 97.6 31.2 Cough 1.8 
5 28 104.8 106.6 39.8 Cough 1.8 
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Figure 9:  Abdominal Pressure load curves corresponding to the cough event modeled 
for each of the subjects detailed in Table VI. 
 
 
5.2 RESULTS 
 

The initial model used to compare the effects of incorporating linear and non 

linear material properties generally underestimated Pves compared to the measured 

values of Pves when either set of material properties were incorporated into the model 
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(Table VII).  In the two instances in which Pves was overestimated in the non-linear 

model and the one instance of overestimation in the linear model, Pves was only 

overestimated by less than 1 cm H2O. Pves predicted by the model incorporating 

published non-linear material properties was in closer agreement with measured Pves 

than those predicted by the model incorporating published linear material properties and 

never differed by more than 5 cm H2O (Table VII).  The least difference between 

measured and predicted values of the non-linear model was 0.19 cm H2O, which 

occurred at 0.6s; whereas the greatest difference was -4.63 cm H2O, occurring at 1.0s, 

the time of peak abdominal pressure (Table VII).  In contrast in the model incorporating 

linear material properties the least difference between predicted and measured Pves was -

0.28 cm H20 which occurred at 0.2s while the greatest difference was -7.2 cm H2O 

which occurred at 0.8s (0.2s prior to peak abdominal pressure).   

 
Table VII: Effect of non-linear and linear material properties on the difference between 
predicted Pves and measured Pves (Pressure and differences in cm H2O, RMS = Root 

Mean Squared) 
 

Time (s) Measured

Predicted 
Non-

Linear Difference
Predicted 

Linear Difference
0.2 36.3 35.6 -0.7 36.0 -0.3 
0.4 35 34.3 -0.7 34.6 -0.4 
0.6 53.6 53.8 0.2 52.0 -1.6 
0.8 119.7 117.4 -2.3 112.4 -7.2 
1 151.1 146.5 -4.6 144.4 -6.6 

1.2 65.5 61.9 -3.6 60.7 -4.8 
1.4 96.1 93.9 -2.2 94.0 -2.1 
1.6 44.4 43.1 -1.3 41.8 -2.6 
1.8 32.2 32.6 0.4 32.8 0.6 

RMS   2.3  3.8 
Maximum   -4.6   -7.2 
Minimum   0.2  -0.3 
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Changes in material properties in the initial non-linear model produced changes 

less than 5.0 cm H2O in the predicted Pves in all simulations at all time points The 

greatest changes came from increasing compliance of the bladder wall (Simulation E) 

(Table VIIII).  Varying linear material properties in the initial model resulted in 

increasing the predicted Pves from between 3.0 to 8.2 cm H2O at the 0.8s time point.  

However, these large increases were limited to this time, since at all other times these 

changes resulted in Pves changes of less than 2 cm H2O.  The largest changes in Pves 

predicted by the initial linear model were realized by stiffening the bladder neck and 

urethra (Simulation D) and by stiffening the material properties of all modeled structures 

with the exception of the liquid (Simulation H) (Table IX). 

 
Table VIII: Effect of varying non-linear material property parameters on predicted Pves. 

(Pressure Differences in cm H2O compared to Pves predicted by model incorporating 
published non-linear material properties) 

 
Simulation B C D E F G H I 
Time (s)         

0.2 -0.2 0.0 0.2 0.1 -0.2 0.3 -0.3 0.0 
0.4 0.6 -0.4 0.2 0.0 -0.2 0.2 -0.1 -0.1 
0.6 -1.8 -0.5 1.2 -0.5 -0.6 1.1 0.7 -0.7 
0.8 -0.5 -0.5 -2.5 5.0 -3.1 -0.8 1.9 1.5 
1.0 0.1 -0.8 0.4 -0.9 -0.4 -2.1 4.5 0.7 
1.2 -1.4 0.0 -0.6 1.4 1.1 -0.6 -0.5 -0.9 
1.4 0.7 0.5 -1.6 0.3 -0.4 0.3 2.8 -1.9 
1.6 -0.7 -0.8 0.0 0.8 0.7 -0.9 0.1 -0.5 
1.8 -0.1 0.1 0.0 -0.4 0.5 -0.5 0.3 -0.1 

RMS 1.4 1.6 1.3 0.9 1.2 0.9 1.0 1.7 
Maximum -1.8 -0.8 -2.5 5.0 -3.1 -2.1 4.5 1.5 
Minimum 0.1 0.0 0.0 0.0 -0.2 0.2 0.1 0.0 

 
 
 
 
 
 

65 



 

Table IX: Effect of varying linear material property parameters on predicted Pves. 
(Pressure Differences in cm H2O compared to Pves predicted by model incorporating 

published linear material properties) 
 

Simulation B C D E F G H I 
Time (s)         

0.2 -0.5 0.0 -0.5 -0.1 0.1 -0.2 -0.9 -0.3 
0.4 0.0 0.1 0.2 0.1 0.1 0.0 0.4 0.1 
0.6 0.9 1.8 -0.3 0.3 -0.3 -0.4 0.1 0.2 
0.8 5.8 4.5 8.2 3.9 4.4 3.0 8.2 4.1 
1 0.2 -1.7 -0.3 1.9 1.4 1.7 -0.4 -1.2 

1.2 0.8 -0.6 0.1 -1.6 -0.7 0.1 -0.5 -1.4 
1.4 -0.1 0.0 -1.1 -0.1 -1.7 -1.1 1.0 -0.3 
1.6 0.0 0.3 0.2 0.2 -0.1 0.2 0.1 0.9 
1.8 0.1 0.1 -0.3 -0.1 0.1 -0.0 -0.1 0.0 

RMS 2.0 0.7 2.8 1.6 1.7 1.2 2.1 1.5 
Maximum 5.8 4.5 8.2 3.9 4.4 3.0 8.2 4.1 
Minimum 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1 

  

In all simulations involving non-linear material properties, resultant 

displacements in all structures was less than 2cm (Figure 10).  The overall distribution of 

displacement was also similar in all simulations.  However, notable differences in 

displacement distribution were observed when the compliance of the support structure 

was increased (Simulation F) and when all structures were made more compliant 

(Simulation I).  In both cases, there is an asymmetric increase in deformation toward the 

anterior side of the bladder (Figure 10).  This increased deformation is also observed, 

though not as extreme, in the simulations in which the bladder was stiffened (Simulation 

B) or the bladder neck and urethra were made more compliant (Simulation G).  Similar 

results were also noted in simulations involving linear material properties in which the 

resultant displacement in all structures was 2cm or less (Figure 10).  The overall 

displacement distribution was also similar in all simulations.  Reduced displacement was 

observed in the simulations in which the support structure was stiffened (Simulation C) 
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as well as in the simulation where all structures were stiffened (Simulation H).  In both of 

these cases, displacement in the center of the top half of the bladder was reduced. 

 
 

 
 
Figure 10: Displacements at peak abdominal pressure in models incorporating non-linear 
material properties (top) and linear material properties (bottom).  Letters denote 
simulation parameters identified in Table 1. (Displacements in centimeters) 

 
 

 In addition, similar results were obtained in the models generated using 

urodynamic data from 5 additional subjects incorporating published non-linear material 

properties.  In all models the maximum difference between predicted Pves and measured 

Pves was less than 6.2 cm H2O, with 3 out of the five producing maximum differences of 

3.3 cm H2O or less (Table X).  In the two cases in which the difference between 

measured Pves and predicted Pves exceeded 5 cm H2O the time of this difference 
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corresponded to an increase in detrusor pressure (Pves-Pabd) which would indicate a 

small bladder contraction that was not incorporated in the model. Deformation 

distribution was similar in all models with maximum displacements of less than 2cm in 

all models. Figures 11-15 and Tables XI – XV provide detailed results of the Pves and 

displacements predicted by these models.  

Table X:  Maximum and Minimum Pressure Differences between predicted and 
measured Pves (cm H2O) 

 
Subject RMS Maximum Minimum 

1 1.3 3.3 -0.1 
2 3.7 5.9 1.2 
3 1.6 -2.4 0.5 
4 1.1 1.6 0.4 
5 3.1 -6.2 0.2 
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Subject #1 Results 
 

   
 

Figure 11: Model of subject 1 in undeformed configuration (Left).  Cross section of 
model in deformed configuration at peak pressure illustrating resultant displacements in 
centimeters (Right) 

 
 
 

Table XI: Comparison of predicted Pves to Measured Pves for Subject 1 
 

 Measured FEM Difference Detrusor 
Time (s) Pves Pves  Pressure 

 (cm H2O) (cm H2O) (cm H2O) (cm H2O) 
0.2 36.6 36.6 0 1 
0.4 38.6 38.5 -0.1 0.7 
0.6 42.2 41.8 -0.4 0.7 
0.8 45 45.4 0.4 0.7 
1 65.8 67.5 1.7 -0.2 

1.2 67.2 66.8 -0.4 0.7 
1.4 60.2 63.5 3.3 -0.8 
1.6 53 53.4 0.4 0.5 
1.8 42.5 43.0 0.5 0.7 
2 37.2 37.8 0.6 0.5 
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Subject #2 Results 
 
 

   
 

Figure 12: Model of Subject 2 in undeformed configuration (Left).  Cross section of 
model in deformed configuration at peak pressure illustrating resultant displacements in 
centimeters (Right). 
 
 

Table XII: Comparison of predicted Pves to Measured Pves for Subject 2 
 

 Measured FEM Difference Detrusor 
Time (s) Pves Pves  Pressure 

 (cm H2O) (cm H2O) (cm H2O) (cm H2O) 
0.2 38.6 38.6 0 0.5 
0.4 40.5 41.7 1.2 -0.5 
0.6 83.3 89.1 5.8 -5.2 
0.8 114.7 120.6 5.9 -6.1 
1 63.9 66.4 2.5 -1.9 

1.2 42.5 44.3 1.8 -0.7 
1.4 38.3 40.3 2.0 -1.1 
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Subject #3 Results 
 
 

   
 

Figure 13: Model of Subject 3 in undeformed configuration (Left).  Cross section of 
model in deformed configuration at peak pressure illustrating resultant displacements in 
centimeters (Right). 

. 
 

Table XIII: Comparison of predicted Pves to Measured Pves for Subject 3 
 

 Measured FEM Difference Detrusor 
Time (s) Pves Pves  Pressure 

 (cm H2O) (cm H2O) (cm H2O) (cm H2O) 
0.2 22.6 22.6 0 -1.6 
0.4 42.8 42.2 -0.6 -1.1 
0.6 79.3 81.3 2.0 -1.2 
0.8 103.1 100.7 -2.4 -0.3 
1 101.7 103.3 1.6 0.5 

1.2 69.5 70.0 0.5 1.4 
1.4 36.5 34.4 -2.1 0.5 
1.6 25.3 24.2 -1.1 0.2 
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Subject #4 Results 
 
 
 

   
 

Figure 14: Model of Subject 4 in undeformed configuration (Left).  Cross section of 
model in deformed configuration at peak pressure illustrating resultant displacements in 
centimeters (Right). 
 

Table XIV: Comparison of predicted Pves to Measured Pves for Subject 4 
 

 Measured FEM Difference Detrusor 
Time (s_ Pves Pves  Pressure 

 (cm H2O) (cm H2O) (cm H2O) (cm H2O) 
0.2 20.5 20.5 0 -3.3 
0.4 39 40.6 1.6 -5 
0.6 67.1 67.9 0.8 -2.5 
0.8 108 108.7 0.7 -2.8 
1 75 75.4 0.4 -2.5 

1.2 106.4 105.6 -0.8 -1.5 
1.4 33.9 32.7 -1.2 -1 
1.6 25.9 24.8 -1.1 -2.1 
1.8 23.5 22.8 -0.7 -2.2 
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Subject #5 Results 
 
 

   
 

Figure 15: Model of Subject 5 in undeformed configuration (Left).  Cross section of 
model in deformed configuration at peak pressure illustrating resultant displacements in 
centimeters (Right). 

 
Table XV: Comparison of predicted Pves to Measured Pves for Subject 5 

 
 Measured FEM Difference Detrusor 

Time (s) Pves Pves  Pressure 
 (cm H2O) (cm H2O) (cm H2O) (cm H2O) 

0.2 25.2 25.2 0 8 
0.4 29.1 28.6 -0.5 8.5 
0.6 90 86.9 -3.1 10.8 
0.8 58 57.2 -0.8 9 
1 100.2 94.0 -6.2 11.5 

1.2 55.7 53.9 -1.8 9.7 
1.4 85.7 86.0 0.3 7.8 
1.6 49.8 47.8 -2.0 9.5 
1.8 28.9 29.1 0.2 8.2 

 
 
 
5.3 Discussion 
 

In this work, a simplified model of the bladder, urethra, and support structures 

was used to determine the feasibility of using clinical urodynamic measurements and 

FEM to simulate the mechanics of these structures during a cough.  The goals of this 

work were to determine if such a model could reproduce urodynamically measured 
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vesical pressures during a cough event in a continent subject and what effect if any 

altering the material properties of the model structures would have on predicted vesical 

pressures.  In reality, the female pelvic floor and lower urinary tract are made up of 

complex structures that are not well characterized from a biomechanical modeling 

perspective.  Most published descriptions of the geometry of these structures are 

qualitative in nature, focusing on the shape and location of each structure while providing 

minimal quantitative descriptions of the geometry.5-11,15,16,25,27,31-33,89,94-100.   Therefore 

several simplifying assumptions were incorporated into the FEM models. 

Three major simplifying assumptions were made with regard to model geometry.  

Two of these assumptions, the assumption to model the bladder as a sphere and the 

assumption to model the urethra as a tube have been previously validated.  The impact of 

the spherical bladder shape assumption was studied by Damaser and Lehman, who found 

that the shape of the bladder was not as important as the mechanical properties of the 

bladder wall when modeling its mechanics.38  The assumption to model the urethra as a 

tube was validated by Bush et al who compared a straight tube model of the urethra to a 

patient specific model of the urethra and noted minimal differences in the pressure and 

flow data collected from the two models.95  Unlike the previous assumptions, the 

assumption  to model the support structure as a bowl has not been validated.  The bowl 

shape geometry was chosen based on drawings of the levator ani muscle and pelvis found 

in anatomy text books which show that these two structures form a bowl-like shape inside 

which the bladder rests. 14,90   

This study found that the Pves predicted by the non-linear model more closely 

matched the Pves measured during urodynamic testing than Pves predicted by the linear 
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model; however, the difference between predicted and measured Pves never exceeded 8 

cm H2O in either model.  Biological tissues are known to exhibit non-linear behavior 

when subjected to outside forces as a result, this outcome was not unexpected as one 

would assume that the non-linear material properties would more closely replicate the in-

vivo behavior of the tissues manifested in the urodynamic measurements.80,101 

To further investigate the effects of the non-linear and linear material properties 

on predicted Pves, the material properties in the two initial models were stiffened or 

made more compliant as described earlier.  Varying material properties between 0.75 

times and 2.0 times the published values resulted in mean changes to the predicted Pves 

of less than 1 cm H2O.   These results suggest that material properties have minimal 

impact on Pves predicted by the model.   As a result, the models cannot be described as 

singular when predicting Pves as similar predictions can be obtained with models 

incorporating different parameters. When coupled with the finding that varying the 

material properties of the bladder and urethra resulted in differences in deformation 

patterns predicted by the models, it becomes clear that Pves cannot be used as the sole 

validation criteria for these models and must be used in conjunction with other validation 

criteria.   However, insensitivity of the predicted Pves to changes in material properties 

may prove beneficial in evaluating more complex models of the pelvic floor and lower 

urinary tract such as when studying SUI as this parameter can be utilized in the early 

stages of model construction to evaluate whether the model is adequately constructed and 

loaded based on the differences between the predicted Pves and the measured Pves. 

 The finding that varying the material properties of the model did not appreciably 

affect the quantitative displacements predicted by the model is in agreement with the 
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findings of Chi et al who found that increasing or decreasing the linear material 

properties of the bladder wall did not significantly affect the deformation of the bladder 

wall in their FEM models studying image guided adaptive radiotherapy.39  In this study, it 

was reported that increasing or decreasing the linear material properties of the bladder 

wall by 30% did not significantly affect deformation of the bladder wall.  However, 

significant differences exist between the two studies.  Chi et al assumed that the bladder 

wall was transversely isotropic whereas in this study the bladder wall is assumed to be 

fully isotropic.  Another major difference stems from the fact that in this study, the 

bladder is assumed to be completely filled with water at all times which differs from Chi 

et al’s study in which the bladder was assumed to be a hollow structure. 39  

 Although, there have been several other studies of the mechanics of the bladder 

and urethra, most have tended to focus on studying the bladder during filling or during 

micturition.38,38,42,42-46,83-86,99,102  Very little has been published regarding the modeling of 

the bladder, in a passive situation during which outside forces act on the bladder such as 

during a cough.  In a recent paper published by Zhang et al that did focus on modeling 

the mechanics of the bladder and urethra during such a situation, the bladder is shown to 

undergo what qualitatively appear to be large displacements when the modeled subject 

lands a jump.48  A qualitative comparison indicates that even though two different events 

were modeled the displacement patterns observed in both models were similar, with the 

maximum displacements in both models occurring in the top portion of the bladder dome 

with only minimal displacements occurring in the region of the bladder neck and in the 

body of the urethra.48 

76 



 

 In a dissertation published by K.Y. Kim at the University of Michigan at Ann 

Arbor,  a cough was modeled in a 2 dimensional axis-symmetric model of the lower 

urinary tract, pelvic floor, and support structures in order to evaluate the Pressure 

Transmission Theory47.  Several differences exist between the model presented in his 

work and the one presented in this dissertation due to advances in computers and in FEM 

software.   These advances have allowed for a three dimensional model to be constructed 

and the entire cough to be modeled as a dynamic event and not just at baseline and max 

pressure points of the cough which was a necessary limitation at the time.  In addition 

these advances allowed Pabd to be incorporated as an applied load and Pves to be 

developed as a result of this load in the present work.  In Kim’s model it was necessary to 

assume Pves was equal to Pabd and apply the Pves directly as a load to the interior wall 

of the bladder.47  It should be noted that Kim’s model was used to model the development 

of Pura which made comparing the resulting models difficult.  However, one of the 

validation criteria for Kim’s model, which used linear material properties similar to those 

used in the present linear models, was that inferior displacement of the pelvic floor 

should not be greater than 2 cm.  This condition was also met in the current model even 

though coughs generating Pabds as high as 152 cm H2O were modeled in the current 

study whereas the maximum pressures in incorporated in Kim’s model was 56.9 cm of 

H2O.47 

 

5.4 Conclusions 

 The two main findings of this portion of the work were that the simplified models 

could replicate the Pves measured during urodynamics within 5 cm of H2O, and that 
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varying material properties had minimal impact on Pves and displacements predicted by 

the model.  The second finding limits the use of Pves as a validation criterion as this 

outcome cannot be said to be singular, which precludes the use of Pves as the sole 

criterion used to validate models in the future.  However, its use as a validation criterion 

in conjunction with other criteria should not be discounted.  The insensitivity of this 

outcome ensures that the outcome of the models is not solely dependent on variables such 

as tissue material properties, which are not very well characterized.  The advantage of 

using this relatively insensitive variable is that one can get an idea very early in the 

modeling process if model parameters are within a range that will be appropriate for 

generating models that are physiologically valid.  
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CHAPTER VI 
 

MODELING THE BLADDER AND URETHRA IN THE CONTEXT OF STRESS 
URINARY INCONTINENCE:  EFFECT OF GRID DENSITY, MASS SCALING 

AND TIME SCALING 
 
 

 
 The second objective expands on the work completed in the first objective and 

focuses on creating a model in which the modeled urine is no longer constrained to the 

bladder but free to flow under appropriate circumstances into and through the urethra.    

The work presented in this chapter focused on evaluating the effects of grid density, mass 

scaling and time scaling on the mechanics predicted by the model. 

 

6.1 Methods 

 The modeling techniques outlined in the first objective provided the basis for the 

construction of the models used in the second objective.  In both the first and second 

objective, urodynamics from the same 28 year old continent woman were used to 

construct the initial models. However, three main differences exist between the models 

used in each objective.  In the second objective models, the bladder, bladder base and 

urethra were discretized using shell elements instead of eight node hexahedral elements 

to reduce computational costs.81,82  To accommodate the shell discretization of the 
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structures only the inner wall of the bladder, bladder base and the urethral lumen were 

included in this model.  The urethral lumen was assumed to have a plus  (+) shaped 

orientation with a constant initial cross sectional area of 1.2mm2   to provide a channel 

through which the urine could potentially flow under appropriate circumstances. To 

further reduce the computation cost of the simulations, the support structure was also 

eliminated in favor of boundary conditions (Figure 16).  

 

Figure 16:  Left: Shell FEM model based on urodynamic data acquired from a 28 year 
old continent female.  Patient Specific Dimensions:  Bladder ID = 100.8mm, Bladder  
Urethra Length = 34mm Right: Close up view of the + orientation of the urethral lumen 
walls incorporated into the shell model.  Urethral cross section = 1.2mm2   ( Bladder and 
Bladder Base removed for the sake of clarity) 
 

 To model the fluid structure interactions occurring between the walls of the 

bladder, bladder base, urethral lumen and urine, the split-operator form of the ALE 

method as described in Chapter IV was incorporated into this model.   The Lagrangian 

structures representing the walls of the bladder and bladder base were discretized using 

Hughes Liu shell elements (Shell thickness = 2.0 mm for both Bladder and Bladder Base) 

and were embedded within an Eulerian structure discretized using eight node hexahedral 
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shells representing the urine.81,82  The Lagrangian structure representing the walls of the 

urethral lumen was also discretized using Hughes Liu shell elements (Shell Thickness = 

4.0 mm) and were embedded inside an Eulerian structure representing empty space 

discretized with eight node hexahedral elements to facilitate the flow of urine into and  

through the urethral lumen (Figure 17).61,63,64,70,81,82,103 

 

Figure 17:  Lagrangian mesh embedded in the Eulerian mesh. Red, Yellow and Brown 
mesh correspond to the Lagrangian mesh representing the  Bladder, Bladder Base and 
Urethra respectively.  Blue mesh corresponds to the Eulereian Mesh representing the 
fluid.   

 

The material properties in the Lagrangian portion of this model were assigned 

based on the finding of the first objective that Pves was most accurately predicted when 

non-linear material properties were assigned to the bladder and urethra.  Therefore, the 

bladder was modeled as a Mooney Rivlin hyper-elastic material and the bladder base and 

urethra were modeled as Blatz Ko hyper-elastic materials using the parameters listed 

earlier in Chapter V.   The Eulerian portion of the model was split into two regions each 

defined as a separate material (Figure 18).   The region in which the urethra was 
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embedded was defined as an LS Dyna Vacuum material which allows the region to act as 

empty space without impeding or facilitating the flow of material into the region.81,82  

The remaining Eulerian region was assigned the material properties of an elastic fluid to 

model the urine contained within the bladder..  

 

Figure 18:  Material Property Definitions. Blue represents the portion of the model 
defined as an elastic fluid, brown, and yellow portions were defined using the vacuum 
material description.  Green represents the outlet also assigned the vacuum material 
description 
 

To prevent non-physiologic movement, the upper portion of the bladder base was 

constrained to prevent downward movement and to simulate the support that would be 

afforded to the bladder by the bones of the pelvis and the levator ani muscle (Figure 19).  

Only the top portion of the bladder base was constrained in this manner so as to simulate 

the opening in the levator ani muscle known as the urogenital hiatus to allow for the 

bladder neck to descend.  The opening of the urethral lumen was constrained to prevent 

motion in the downward direction to prevent the urethral lumen from turning inside out.  

The urethral lumen was further constrained along its length to prevent in-plane motion by 
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constraining the extreme exterior ridges of the (+) geometry.   This was done to simulate 

support of the urethra provided by the vagina through the endopelvic fascia.  4,5,8 

 

 

Figure 19: Constraints assigned to the bladder baseThe blue region of the above structure 
was constained against downward motion to prevent non-physiologic movement while 
allowing for the decent of the bladder neck 
 
 In this portion of the work, the initial models were loaded based on the 

urodynamic measurements obtained during the same 1.8 second cough event that was 

used to define the Pabd loads incorporated in the first objective (Figure 20).  To avoid 

shocking the grid the load curve for this event was modified by adding an additional one 

second to the beginning of the event during which the pressure was applied gradually 

until baseline pressure was reached at the 1.0 second time point  
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Figure 20:  Pabd loads acquired from urodynamic measurements during a 1.8 second 
cough in a 28 year old continent volunteer. Note the addition of a 1 second interval at the 
beginning of each event during which pressure was applied gradually until baseline 
pressure was reached to prevent shocking the grid.  
 

In addition to the Pabd loads applied to the bladder, Pura loads also needed to be 

incorporated into the model to close the urethra and provide resistance to flow.  To 

account for the fact that Pura varies along the length of the urethra, the urethra was 

subdivided into 10 regions as was the UPP from this patient.  The pressures in the profile 

corresponding to each region were averaged in order to establish the baseline pressure for 

each region (Figure 21).  After averaging the profiles for each region, it was discovered 

that the peak Pura in the averaged profile did not match the baseline Pura recorded at the 

beginning of the cough event.  In order to correct for this finding all baseline pressures 

were reduced by 5% so that the peak Pura in each profile matched the baseline Pura at the 

start of the cough event while maintaining a similar pressure profile in the remainder of 

the urethra.  

The clinical urodynamic measurement as detailed earlier provides data regarding 

the Pura at only one location in the urethra during an event.  As a first approximation, it 
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was assumed that in the remainder of the urethra, the Pura increased in the same manner 

and in the same proportion as the Pura did within the recorded region (Figure 22). In all, 

twenty Pura loads were applied to the urethra in an opposing fashion in order to close the 

lumen and provide urethral resistance. 
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Figure 21: UPP (Blue) measured in a 28 year old continent patient  (Urethral Length = 
34mm)   Averaged UPP (Pink) dividing the urethra into 10 equal regions.  Cough Event 
corrected UPP (Green) corrects the averaged urethral pressure profile so that the peak 
urethral pressure in the profile matches the baseline urethral pressure at the start of the 
modeled cough event.  
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Figure 22: Pura loads applied to the urethra to close urethra and provide resistance to 
flow during the modeled cough event. Note: 0-10% corresponds to most proximal region 
of the urethra (closest to the bladder neck) whereas 90-100% corresponds to most distal 
region (exit)  
 

 

6.2 Model Characterization 

 

6.2.1 Grid Dependence 

 In order to determine the grid dependence of the models, three identical models 

were constructed with the only differences between the models being the number of 

elements used to discretize the various structures as detailed in Table XVI.  In addition, it 

must be noted that in the case of simulations A and B the mesh comprising the urine and 

vacuum was modified to cluster additional elements within the urethral lumen to better 

simulate the flow of urine whereas due to large number of elements this was not 

necessary in simulation C and all elements were evenly distributed. (Figure 23) 
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Table XVI:  Element distribution in Grid Dependence Simulations 

Simulation Bladder* 
 

No. of 
Elements 

Bladder 
Base* 
No. of 

Elements 

Urethra* 
 

No of 
Elements 

Urine** 
 

No of 
Elements 

Vacuum** 
 

No of 
Elements 

A 3408 1008 3168 90576 23708 
B 8228 3388 5808 90576 23708 
C 8228 3388 5808 195264 56544 

*      Hughes Liu Shell Elements 
**    8 Node Hexahedral Elements 
 

 
 
 

 
Figure 23:  Illustration of clustering of elements designed to place more elements within 
the urethral lumen when a coarser mesh was used to discretize the Eulerian portion of the 
model (Left).  Un-clustered mesh used when a finer mesh was used to discretize the 
Eulerian portion of the model (Right) 
 
 All simulations modeled the cough described earlier in this chapter with the time 

of the cough scaled so that 0.05 seconds in model time was equal to 1 second of real time. 

(Simulations used to determine the effects of this scaling are detailed in the next section.). 
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6.2.2 Effect of Mass and Time Scaling 

 In complex finite element problems such as this one, one way to reduce solution 

times is to scale the model by either scaling the mass or by scaling the time.57,58,60,104,105 

However, when scaling factors are incorporated into explicit FEM models, dynamic 

effects may be introduced which can cause the solution to become inaccurate especially 

in regards to stress. 57,58,60,104,105 To test the effects of mass and time scaling, seven 

simulations were run in which mass and or time were scaled (Table XVII).  Mass scaling 

was accomplished by increasing the density of all of the structures in the problem by a 

factor of  10,100 or 1000 whereas time scaling was accomplished by reducing the event 

time to either 0.1 or 0.05 times its actual duration..  It should be noted that the 

simulations were run using the grid density incorporated in simulation B above.  It was 

necessary to utilize the coarser grid for this work to accommodate the increased 

computational cost that would be incurred when the time scaling factor was increased 

towards unity.   

 

Table XVII: Simulations to determine effects of mass and time scaling 

Simulation Mass Scaling Factor Time Scaling Factor 
D 10 1.0 
E 100 1.0 
F 1000 1.0 
G 1.0 0.1 
H 1.0 0.05 
I 100 0.1 
J 1000 0.1 
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6.3 Results 
 
 
 
6.3.1 Grid Dependence 
  
 In this part of the project the primary outcome of interest is the depth to which 

urine penetrates or transits the urethra.  In the three simulations used to evaluate the effect 

of grid dependence on this parameter, it was determined that changing the number of 

elements used to discretize the modeled structures affected the depth to which the urine 

was predicted to penetrate (Table XVIII) and Figure 24).  The greatest depth of 

penetration was predicted by the model incorporating the coarsest grid (simulation A) at 

both the time point corresponding to peak Pabd and the time point corresponding to the 

second peak in the applied cough loads.  Simulations B and C both predicted decreasing 

penetration depths at the time point corresponding to peak Pabd and identical penetration 

depths at the time point corresponding to the second peak in the applied cough loads.  . 

 

Table XVIII:  Effects of varying mesh density on urine penetration depth 

 Depth of Penetration 
Simulation 1st Peak 2nd Peak 

A 11 mm 14 mm 
B 9 mm 11 mm 
C 6 mm 11 mm 
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Time = 2.0 s    Time = 2.4  

(A1)  (A2) 

(B1)  (B2) 

(C1)  (C2) 
 

Figure 24: Depth of Penetration seen in simulations testing for grid dependence.  A left 
hand column shows results in models at the2.0 second time point corresponding to peak 
abdominal pressure.  The Right had columns show results at the 2.4 second time point 
corresponding to the secondary peak in abdominal pressure.  A, B & C denote the 
simulations detailed in Table XVI. Varying grid density produced both qualitative 
differences as well as quantitative differences in regards to the depth of penetration 
predicted by the model. 
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The time required for each simulation to run varied based on the number of 

elements utilized to discretize the structures and the size of the smallest element utilized.  

In simulation A, which incorporated the least number of elements, the entire simulation 

was completed in 67 hours and 25 minutes when run using a total of 32 processors on an 

IBM Cluster 1350 Super Computer (Ohio Super Computing Center Columbus OH).  

Simulation B when run using the same number of processors was completed after 87 

hours while the simulation in which the finest grid was incorporated was 93% complete 

after 96 hours of running time on 32 processors.  It should be noted that due to the finite 

computational resources available for this project a simulation was considered complete 

after the time point corresponding to the second peak of the cough was passed. 

 
 
6.3.2 Effect of Mass and Time Scaling 
 
 In the above work used to determine the effect of grid density on the depth of 

urine penetration, the time was scaled by a factor of 0.05 which means that the events 

occurring during one second of real time were compressed to occur within 0.05 seconds 

in the computational model.  To determine the effects of this scaling on the mechanics 

predicted by the model specifically the depth of urine penetration, several simulations 

were run in which mass, time or both parameters were scaled  as detailed earlier.  The 

models in this set of simulations incorporated the grid used in simulation B in order to 

accommodate the increased computational cost associated with some of the simulations.    

Table XIX and Figure 25 detail the effects of mass and time scaling on the depth of urine 

penetration. 
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Table XIX: Effect of mass and time scaling on depth of urine penetration depth 
 

Simulation Mass Scaling Factor Time Scaling Factor Depth of 
Penetration at peak 

Pabd 
D 10 1.0 DNF 
E 100 1.0 DNF 
F 1000 1.0 4.8 mm 
G 1.0 0.1 12.0 mm 
H 1.0 0.05 8.4 mm 
I 100 0.1 1.2mm 
J 1000 0.1 1.2 mm 

DNF = Did not finish (Model proved too computationally expensive to solve) 
 

(F) (G) 

(H)  (I) 

 (J) 
 

Figure 23: Effect of Mass and Time scaling on depth of urine penetration at peak Pabd 
(Letters denote simulations defined in Table XVII ) 
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 Several authors who have investigated the effects of mass and time scaling on 

modeled sheet metal forming processes have identified stress magnitude and distribution 

as key outcomes for evaluating the effects of mass and time scaling.58,60,104,106  Figure 26 

illustrates the effects of mass and time scaling on the stress distributions  predicted at 

peak Pabd. 

 Simulation G in which the mass was not scaled and the time was scaled by a 

factor of 0.1 predicted the greatest depth of penetration at peak abdominal pressure.  In 

addition, this simulation also predicted the highest levels of stress at the time point 

corresponding to peak Pabd when compared to the other simulations.  The results indicate 

that when increased mass scaling is applied to this problem both the predicted stress 

levels and depth of urine penetration will be reduced.  The effect of time scaling on the 

model was found to have the opposite effect in that when the time scaling factor was 

increased towards unity, both the predicted stress levels and depth of urine penetration 

increased.  The trends appear to indicate that less severe scaling results in increasing 

values being predicted for both parameters.  However less severe scaling will incur 

increased computational cost.  Simulations D and E in which the mass was scaled by a 

factor of 10 and 100 while time was not scaled would have required 12 days or more for a 

solution to be obtained when these simulations would be run on 32 processors.  Similarly, 

of the simulations in which a solution was obtained Simulation G which incorporated the 

least amount of scaling was also the most computationally expensive requiring a run time 

of 144 hours on 32 processors. 
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                               (F)                                                                 (G) 

 
                               (H)                                                                 (I) 

 
(J) 

Figure 26: Effects of mass and time scaling on stress distributions Letters denote 
simulations detailed in Table XVII & XIX.   
 
 The above results provide qualitative insight into the effects of mass and time 

scaling, to quantify the effects of scaling Chung et al, have also proposed an error 

calculation that can be used to determine the degree to which dynamic effects are present 

in explicitly solved models and the time at which these effects impact the model through 

the use of the following equation.  
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Where  is the internal strain energy and Ek is the kinetic energy.  This equation 

indicates that when e(t) is low, kinetic energy is also low and dynamic effects are 

minimized.  Therefore a simulation exhibiting low e(t)s would be considered to have 

minimal dynamic effects present in the solution and would be considered to be more 

accurate104.  

intW

 Figures 27 - 31 show plots of the internal and kinetic energy vs. time for 

simulations F through J.  It is interesting to note that in all of the simulations with the 

exception of simulation G the internal energy curve has a single peak and does not have a 

double peak as one would expect based on the applied abdominal pressure and urethral 

pressure load curves.   

 Figure 32 shows a comparison of the error (e(t))  associated with dynamic effects 

for each simulation while Figure 33 shows this comparison for only those simulations 

that predicted urine penetration of greater than 1.2mm into the urethra.  In both cases, it 

can be clearly seen that simulation G had the lowest amount of error associated with 

dynamic effects of all of the simulations evaluating mass and time scaling. 
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Figure 27: Kinetic & Internal Energy vs. Time for Simulation F (Mass Scaling = 1000, 
Time Scaling = 1.0) 
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Figure 28: Kinetic & Internal Energy vs. Time for Simulation G (Mass Scaling = 1.0, 
Time Scaling = 0.1) 
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Figure 29: Kinetic & Internal Energy vs. Time for Simulation H (Mass Scaling = 1.0, 
Time Scaling = 0.05) 

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

En
er

gy
 N

m
m

Internal
Kinetic

 
Figure 30: Kinetic & Internal Energy vs. Time for Simulation I (Mass Scaling = 100, 
Time Scaling = 0.1) 
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Figure 31: Kinetic & Internal Energy vs. Time for Simulation J (Mass Scaling = 1000, 
Time Scaling = 0.1) 
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Figure 32: Error associated with dynamic effects in Simulations F through I 
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Figure 33: Error associated with dynamic effects in mass and time scale simulations 
exhibiting urine penetration > 1.2mm.  It should be noted that Simulation G had the 
lowest error associated with dynamic effects and would be considered to be the most 
accurate solution. 
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6.4 Discussion 

 The second objective of this project expanded on the work done in the first 

objective in that a simplified model of the bladder and urethra was used to determine the 

feasibility of using clinical urodynamic measurements and finite element models to 

simulate the mechanics of these structures during a cough.   However, the main goal of 

the second objective was to determine how to model a situation in which the urine was no 

longer constrained to the bladder but free to flow under appropriate circumstances out of 

the bladder and into the urethral lumen.    

 In this work the operator split version of the ALE method as described in Chapter 

IV was utilized to model the fluid structure interactions that occur between the urine and 

the walls of the bladder, bladder base and urethral lumen.  This method has been used in 

other studies to model the mechanics of the heart valves as well as to model left 

ventricular contraction. 61-64   The main reason that this method was chosen for this work 

and in the works cited above over the pure ALE method is that the Eulerian mesh used to 

discretize the fluid would have had to undergo large deformations in order to accurately 

model the coupled fluid structure interactions.   These large deformations would have 

resulted in the failure of the automatic rezoning algorithms employed by the ALE method 

to smooth the distorted Eulerian mesh.  As a result every time the automatic rezoning 

algorithm failed a time consuming manual remeshing step would have to be completed in 

which the distorted Eulerian mesh would be removed and replaced by a new undistorted 

mesh onto which the solution corresponding to the current time step would need to be 

mapped63.   In the current models this situation would arise as the Pabd forced the urine 

which would be represented as an Eulerian mesh into the urethral lumen.  The operator 
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split method handles this problem by embedding the Lagrangian mesh within the 

Eulerian mesh while fixing the Eulerian mesh in space and coupling the two meshes 

together through the use of the penalty coupling algorithm described in Chapter IV.  In 

this method a Lagrangian step in which the deformation of the Lagrangian structures is 

calculated is performed.  Through the penalty coupling method, this step is then followed 

by an Eulerian step in which the transport of the fluid between adjacent elements 

resulting from the motion of the embedded Lagrangian mesh relative to the fixed 

Eulerian mesh is calculated.70,103 In short, because the Lagrangian mesh moves through 

the Eulerian mesh which is fixed in space without deforming it there is no need to rezone 

the mesh. 

 As was the case in the first objective simplified models of the bladder and urethra 

were utilized in this portion of the study.  However, in order to further reduce 

computational costs Hughes Liu shell elements were utilized instead of eight node 

hexahedral solid elements.  The Hughes Liu shell elements were selected for use in these 

models because the formulation of this element in LS Dyna allows the user to specify 

which surface of the structure the shell is representing 81,82.  In this case, this was useful 

in specifying that the shell as representing the inner wall of the bladder wall, bladder base 

and urethral lumen. 

 The decision to model the urethral lumen as a (+) shape was made to simplify the 

conceptualization of how to load the walls to effect closure of the lumen and how to 

constrain the urethral lumen based on anatomical descriptions.  The urethral opening was 

sized so that it would fit entirely within a tube having a 11.5 mm diameter which 

corresponds to the external diameter of the urethra reported by Umek et al.88   In reality, 
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the urethral lumen has been reported to be a slit or crescent shaped and its shape and size 

have been found to affect urine flow during micturition. 107,108  The size and shape of the 

urethral lumen will need to be evaluated in future models in order to determine if varying 

these parameters will have an impact on the mechanics predicted by the model.  

 In determining how to construct this model several factors had to be considered 

including the grid dependence of the model, the effects of mass and time scaling and 

computational cost due to the finite computational resources available for this project.   

Based on the results of the simulations run to evaluate grid dependence, and the effects of 

mass and time scaling the model can be described as being grid dependent, and not 

tolerant of scaling.  In an ideal situation with unlimited computational resources, the 

results of these simulations indicate that the model should be run with no time scaling 

and with a very fine mesh to fully capture the fluid structure interactions that occur as the 

urine is forced into the urethral lumen.  However, the available computational resources 

dictated that concessions be made in order to obtain a solvable model.  As a result, it was 

decided to utilize the largest time scaling factor possible (0.1) in conjunction with a 

coarser mesh in order to generate such a model.    The time scaling factor of 0.1 was 

chosen based on the findings that in all of the simulations run to evaluate mass and time 

scaling the simulation incorporating this time scaling factor generated the least amount of 

error associated with dynamic effects.  Furthermore this was also the only simulation in 

which the internal energy predicted by the model matched what was expected based on 

the applied pressure loads.  The one drawback to utilizing this scaling factor is the 

computational cost associated with it as the simulation required 144 hours when run on 

32 processors.  As computer technology improves and computational resources become 
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more readily available this result should be reevaluated to determine if increasing the 

time scaling factor towards unity further alters the mechanics predicted by the model. 

 

6.5 Conclusions  

 The split operator form of the ALE method shows potential for modeling the fluid 

structures interactions that occur during stress events.  However, the computational 

expense associated with this method and the necessary concessions required to achieve a 

solution must be taken into account when evaluating the physiological realism of models 

created utilizing this method and the solutions these models generate.   
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CHAPTER VII 
 

MODELING THE BLADDER AND URETHRA IN THE CONTEXT OF STRESS 
URINARY INCONTINENCE:  EFFECT OF URETHRAL STIFFNESS, APPLIED 

URETHRAL PRESSURE AND URETHRAL SUPPORT 
 
 

 In the previous chapter, it was determined that the fineness of the mesh used to 

discretize the model and the mass and time scaling factors incorporated to reduce solution 

times affected the mechanics predicted by the model.  In this chapter, the effects of 

varying urethral stiffness, applied Pura and urethral support on the mechanics predicted 

by the model are presented.  The goal of this portion of the work was to examine if the 

physiological parameters assigned to the urethra could impact the mechanics predicted by 

the model. 

 

7.1 Methods 

 

7.1.1 Modeling 

 Based on the findings reported in the previous chapter and the computational 

resources available, the models used in this portion of the study were identical in terms of 
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dimensions and grid density to the model utilized in Simulation B to evaluate grid 

dependence as described in Chapter VI.  In all of the models described in this chapter, a 

time scaling factor of 0.1 was incorporated to ensure that solutions could be obtained in a 

timely fashion based on the findings reported in the previous chapter.  

 

7.1.2  Simulations 

 To gain a better understanding of how the mechanics predicted by the model 

would be altered by varying the physiological parameters used to define the model, the 

simulations detailed in Table XX were run. 

Table XX: Simulations utilized in sensitivity analysis 

Simulation Urethral Pressure Urethral Stiffness 
K Non-Leaking Cough Published 
L Leaking Cough Published 
M None Published 
N Non-Leaking Cough 2x Published 
O Leaking Cough 2x Published 
P Non-Leaking Cough 0.5x Published 
Q Leaking Cough 0.5x Published 
R Non-Leaking Cough 0.25x Published 
S Leaking Cough 0.25x Published 
T Non-Leaking Valsalva Published 
U Leaking Valsalva Published 

V (Dorsal Support of 
Urethra Removed) 

Non-Leaking Cough Published 

W (Dorsal Support of 
Urethra Removed) 

Leaking Cough Published 

 

In the above simulations, simulations K through S evaluated the effect of varying the 

stiffness of the urethra by increasing or decreasing the value of the shear modulus of the 

urethral material published by Haridas et al  by a factor 0.25, 0.5 and 2.49 Simulations 

K,N,P and R were run utilizing Pura acquired from urodynamic data and applied to the 
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urethra in the same manner described in the previous chapter to incorporate variations in 

Pura along the urethral length.   The Pura incorporated in these models fulfilled the 

urodynamic definition of continence in that at all times during the event the Pura in at 

least one region of the urethra exceeded the expected Pves based on the urodynamic 

measurements (Figure 34 & 35).  In simulations L,O,Q and S the Pura incorporated into 

the model in all regions of the urethra and at all time points was reduced to half of the 

value indicated by the measured urodynamic data (Figure 34 and 35).  This was done to 

force a situation in which the applied Pura would be insufficient to prevent the leakage of 

urine based on the urodynamic definition of incontinence which asserts that a leakage of 

urine will occur if the Pves developed in response to increased abdominal pressure during 

an event exceeds the Pura in the entire urethra at a any time during an event.   In short, 

simulations K,M,O and Q were used to investigate the effects of varying urethral stiffness 

during a continent (non-leaking) event while simulations L,N,P and R  were used to 

investigate the effects of varying urethral stiffness during an incontinent (leaking) event. 
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Figure 34:  Pressure Loads associated with modeled cough; Blue = Pabd, Pink = Pves, 
Red = Non-Leaking Pura, Green = Leaking Pura.   In this figure the values of the Pabd, 
Pves and non-leaking Pura were all obtained from measured urodynamic data.  The 
leaking Pura was obtained by reducing the non-leaking Pura to one half of its measured 
value to force a leaking situation to occur in the model. 
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Figure 35:  Illustration of the relationship between the measured Pves and the applied 
Pura loads along the urethra.  Top graph illustrates a non-leaking event in which the 
urethral pressure is greater than vesical pressure (black line) in the regions located in the 
between the 10th and 70th percentile of the urethras length (Note 0th percent  corresponds 
to the bladder neck region).  Bottom graph illustrates a leaking event in which the vesical 
pressure (black line) exceeds the applied urethral pressure along the entire length of the 
urethra at the 1.8 2.0 and 2.4 second time points during the cough event 
 
 To get a clearer understanding of the effect of Pura on the mechanics of the 

model, an additional three simulations were run.  In simulation M, the Pura was 

completely eliminated from the model.  This simulation was used to gain insight as to the 
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intrinsic resistance to flow that would be supplied by the tube itself when the urethra 

stiffness was set to the published values.   

 Simulations T and U were utilized to investigate how the mechanics of the model 

would be altered if Pabd loads were increased and sustained over a period of time rather 

than increased and decreased in an abrupt fashion that is typical of a cough.   To 

accomplish this, urodynamic data corresponding to a valsalva maneuver in which the 

subject is instructed to strain and hold the strain for as long as possible were acquired 

from the same 28 year old continent patient from whom the urodynamic cough data was 

obtained (Figure 36) 
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Figure 36:  Pabd loads acquired from urodynamic measurements during a 4.0 second 
valsalva maneuver in a 28 year old continent subject. Note the addition of a 1 second 
interval at the beginning of each event during which pressure was applied gradually until 
baseline pressure was reached to prevent shocking the grid.  

 

 The Pura loads in the case of the valsalva maneuver were applied in the same 

manner as the Pura loads obtained for the cough.  The only difference between the two 

was that in the case of the valsalva maneuver it was necessary to decrease the initial UPP 
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by 13% so that the peak Pura in the profile matched the baseline Pura at the start of the 

valsalva event while maintaining a similar pressure profile in the remainder of the urethra 

(Figure 37).  As was the case with the cough simulations both a continent (non-leaking) 

and incontinent (leaking) simulations were run in which the Pura was specified in the 

same manner as was described earlier (Figure 38 and 39). 

 Simulations V and W investigated the effect of altering the urethral support on the 

mechanics predicted by the model.  In all of the previous simulations the urethra was 

constrained against in-plane motion by constraining the outer most ridges of the (+) 

geometry to prohibit motion in the x and z plane.  In models V and W these constraints 

were removed from the anterior and dorsal ridges of the (+) geometry but were left in tact 

on the lateral ridges.  In both simulations the Pabd loads corresponding to the cough 

event modeled in simulations K through S was incorporated.  Simulation V incorporated 

Puras corresponding to the continent cough event while simulation W incorporated Puras 

corresponding to an incontinent cough event as was described earlier. 
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Figure 37: UPP (Blue)  measured in a 28 year old continent patient  (Urethral Length = 
34mm)   Averaged UPP (Pink) dividing the urethra into 10 equal regions.  Valsalva Event 
corrected urethral pressure profile  (Green) corrects the averaged urethral pressure profile 
so that the peak urethral pressure in the profile matches the baseline urethral pressure at 
the start of the modeled cough event.  
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Figure 38:  Urodynamic Pressure Loads associated with modeled valsava maneuver; 
Blue = Abdominal Pressure, Pink = Vesical Pressure, Red = Non-Leaking Urethral 
Pressure, Green = Leaking Urethral Pressure.   In this figure the values of the abdominal, 
vesical and non-leaking urethral pressures were all obtained from measured urodynamic 
data.  The leaking urethral pressure was obtained by reducing the non-leaking urethral 
pressure to one half of its measured value in order to force a leaking situation to occur in 
the model. 
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Figure 39:  Illustration of the relationship between the measured vesical pressure and the 
applied urethral pressure loads along the urethra.  Top graph illustrates a non-leaking 
event in which the urethral pressure is greater than vesical pressure (black line) in the 
regions located in the between the 10th and 70th percentile of the urethras length (Note 0th 
percent  corresponds to the bladder neck region).  Bottom graph illustrates a leaking 
event in which the vesical pressure (black line) exceeds the applied urethral pressure 
along the entire length of the urethra for almost the entire duration of the valsalva event 
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7.2 Results  

 Based on the findings of the simulations utilized to evaluate grid dependence and 

the effects of mass and time scaling, a sensitivity analysis was run utilizing a grid detailed 

in Simulation B with the time of the simulation scaled by a factor of 0.1.  As was the case 

in evaluating grid dependence, the parameter of greatest interest in the sensitivity analysis 

simulations was the depth of urine penetration.  Table XXI provides a summary of the 

results for all of the simulations run during the sensitivity analysis.  Figures 40 - 51 

illustrate the penetration depth observed at two time points in each simulation.  In 

simulations in which a cough was modeled data is provided regarding the penetration 

depth at the time corresponding to peak Pabd and to the time corresponding to the second 

peak in Pabd during the cough event.  In the case where a valsalva maneuver was 

modeled penetration depth is provided at the time points corresponding to peak Pabd and 

at the 3 second time point of the event.   

 Simulations K through R focused on evaluating the effects of urethral stiffness 

and applied urethral pressure on the depth to which urine was able to penetrate into the 

urethra.  As the urethra was modeled as a Blatz Ko material, the effects of stiffness were 

tested by running simulations in which the shear modulus of this material was varied 

between 0.25 and 2x its published value.  To evaluate the effects of applied Pura each 

simulation was run twice once utilizing the clinically obtained urodynamic Pura 

measurements and once utilizing these values at half their measured values to simulate a 

leaking condition as was described earlier.  The results indicate that urethral stiffness will 

impact the depth to which urine will be able to penetrate.   When the urethral stiffness 

was increased as was the case in simulations N and O where the urethra was stiffened to 
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2 times its published value the shallowest depth of urine penetration were predicted when 

both the continent and incontinent Pura loads were applied at both time points.  In the 

simulations P, Q, R and S where the urethra was made more compliant the effects of 

urethral stiffness are not as clear.  When the depth of penetration at the point of peak 

Pabd is considered, increasing the compliance of the urethra increased the depth of urine 

penetration when both the continent and incontinent Pura loads were applied. With the 

lone exception being simulation R in which the continent Pura loads were applied and the 

urethral stiffness was reduced to 0.25 times its published value.  In this case the depth of 

penetration was equal to simulation P in which the same Pura loads were applied but the 

urethral stiffness was only reduced to 0.5 times its published values.     

 When the depth of penetration at the time point corresponding to the second peak 

in Pabd is considered, it was noted in simulations P and R that the penetration depth is 

reduced when the urethra is made more compliant and when the continent Pura loads are 

applied.  However, when the incontinent Pura loads are applied as was the case in 

simulations Q and S the depth of urine penetration is approximately equal in both 

simulations regardless of urethral stiffness. 

 To further investigate the effects of applied Pura on the depth to which urine can 

penetrate a simulation (M) was run in which no Pura was applied to a model 

incorporating published values to define the urethral material.  In this case the model 

predicted a slightly greater depth of penetration than simulation K in which the measured 

Pura loads were incorporated in an identical model and slightly shallower depth of 

penetration than simulation L when the reduced Pura loads were incorporated in an 

identical model. 
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 Simulations V and W focused on determining if altering the constraints placed on 

the urethra would affect the depth of urine penetration.  In both simulations as described 

earlier the anterior and dorsal in-plane motion constraints were removed.  Both 

simulations predicted reduced depths of urine penetration when compared to the 

corresponding fully constrained simulations K and L respectively.  However it should be 

noted that the funneling in the bladder neck region predicted in simulations V and W 

differed from that observed in simulations K and L (Figure 52). 

 Simulations T and U focused on determining if incorporating the Pabd and Pura 

loads consistent with a valsalva maneuver as described earlier would impact the models 

performance.  Overall the models predictions for the depth of urine penetration were very 

similar to the simulations K and L which incorporated the same parameters but modeled a 

cough instead.  Both models indicated that at peak Pabd the depth of penetration is equal 

when either the continent or incontinent Pura loads are incorporated.  It is only at a later 

time point in the event that differences are observed as the simulations in which 

incontinent Pura loads were incorporated predicted an increased depth of penetration. 
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Table XXI: Summary of Sensitivity Analysis Results 

Cough Simulation 
(Stiffness x Published) 

Depth of Urine Penetration 
Peak Pabd (mm) 

Depth of Urine Penetration 
2nd Peak (mm) 

K (1x) 10 17 
L (1x) 10 19 
M (1x) 10 18 
N (2x) 7 11 
O (2x) 7 13 

P (0.5x) 12 15 
Q (0.5x) 14 19 
R (0.25x) 12 13 
S (0.25x) 15 19 

V (1x) 7 12 
W (1x) 8 13 

Valsalva Simulation Depth of Urine Penetration 
Peak Pabd (mm) 

Depth of Urine Penetration 
after 3 seconds 

T (1x) 15 15 
U (1x) 15 19 

 
 

 
Figure 40: Depth of urine penetration at Peak Pabd during a cough for models 
incorporating published material properties to define the urethra. The left figure 
represents simulation K in which the non-leaking measured Pura loads were incorporated 
into the model.  The middle figure represents simulation L in which the measured Pura 
loads were decreased to half their measured values to simulate a leaking simulation.  The 
right figure represents simulation M in which no Pura loads were applied to the model.  
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Figure 41: Depth of urine penetration observed at the time point corresponding to the 
second peak in the applied cough pressure loads for models incorporating published 
material properties to define the urethra. The left figure represents simulation K in which 
the non-leaking measured Pura loads were incorporated into the model.  The middle 
figure represents simulation L in which the measured Pura loads were decreased to half 
their measured values to simulate a leaking simulation.  The right figure represents 
simulation M in which no Pura loads were applied to the model.  

 
 

 
Figure 42: Effect of increasing the urethral material properties to 2 times the published 
value at the time point corresponding to peak Pabd.  The figure on the left represents 
Simulation K which incorporated measured Pura loads and published material properties.  
The middle figure represents simulation N in which the shear modulus of the Blatz Ko 
material defining the urethra was increased to 2 times the published value while 
incorporating measured Pura loads.  The right figure represents simulation O in which the 
shear modulus of the Blatz Ko material defining the urethra was increased to 2 times the 
published value while incorporating Pura loads reduced to half their measured values. 
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Figure 43: Effect of increasing the urethral material properties to 2 times the published 
value at the time point corresponding to the second peak in Pabd.  The figure on the left 
represents Simulation K which incorporated measured Pura loads and published material 
properties.  The middle figure represents simulation N in which the shear modulus of the 
Blatz Ko material defining the urethra was increased to 2 times the published value while 
incorporating measured Pura loads.  The right figure represents simulation O in which the 
shear modulus of the Blatz Ko material defining the urethra was increased to 2 times the 
published value while incorporating Pura loads reduced to half their measured values. 

 
 

 
Figure 44: Effect of reducing the urethral material properties to 0.5 times the published 
value at the time point corresponding to peak Pabd.  The figure on the left represents 
Simulation K which incorporated measured Pura loads and published material properties.  
The middle figure represents simulation P in which the shear modulus of the Blatz Ko 
material defining the urethra was reduced to 0.5 times the published value while 
incorporating measured Pura loads.  The right figure represents simulation Q in which the 
shear modulus of the Blatz Ko material defining the urethra was reduced to 0.5 times the 
published value while incorporating Pura loads reduced to half their measured values. 
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Figure 45: Effect of increasing the urethral material properties to 0.5 times the published 
value at the time point corresponding to the second peak in Pabd.  The figure on the left 
represents Simulation K which incorporated measured Pura loads and published material 
properties.  The middle figure represents simulation P in which the shear modulus of the 
Blatz Ko material defining the urethra was reduced to 0.5 times the published value while 
incorporating measured Pura loads.  The right figure represents simulation Q in which the 
shear modulus of the Blatz Ko material defining the urethra was reduced to 0.5 times the 
published value while incorporating Pura loads reduced to half their measured values. 

 
 

 
Figure 46: Effect of reducing the urethral material properties to 0.25 times the published 
value at the time point corresponding to peak Pabd.  The figure on the left represents 
Simulation K which incorporated measured Pura loads and published material properties.  
The middle figure represents simulation R in which the shear modulus of the Blatz Ko 
material defining the urethra was reduced to 0.25 times the published value while 
incorporating measured Pura loads.  The right figure represents simulation S in which the 
shear modulus of the Blatz Ko material defining the urethra was reduced to 0.25 times the 
published value while incorporating Pura loads reduced to half their measured values. 
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Figure 47: Effect of reducing the urethral material properties to 0.25 times the published 
value at the time point corresponding to the second peak in Pabd.  The figure on the left 
represents Simulation K which incorporated measured Pura loads and published material 
properties.  The middle figure represents simulation R in which the shear modulus of the 
Blatz Ko material defining the urethra was reduced to 0.25 times the published value 
while incorporating measured Pura loads.  The right figure represents simulation S in 
which the shear modulus of the Blatz Ko material defining the urethra was reduced to 
0.25 times the published value while incorporating Pura loads reduced to half their 
measured values. 

 

 
Figure 48: Depth of urine penetration at Peak Pabd during a valsalva maneuver for 
models incorporating published material properties to define the urethra. The left figure 
represents simulation T in which the non-leaking measured Pura loads were incorporated 
into the model.  The right figure represents simulation U in which the measured Pura 
loads were decreased to half their measured values to simulate a leaking simulation.  
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Figure 49: Depth of urine penetration at the 0.3 second time point during a valsalva 
maneuver for models incorporating published material properties to define the urethra. 
The left figure represents simulation T in which the non-leaking measured Pura loads 
were incorporated into the model.  The right figure represents simulation U in which the 
measured Pura loads were decreased to half their measured values to simulate a leaking 
simulation.  

 
 
 
 

 
Figure 50: Effect of altering urethral support on the depth of urine penetration at peak 
Pabd during a cough.  Right figure represents simulation K in which all of the exterior 
ridges of the urethral geometry were constrained against in plane translation and 
measured Pura loads were applied.  Middle figure represents simulation V in which the 
only the lateral ridges of the urethral geometry were constrained against in plane motion 
and measured Pura loads were applied.  Right figure represents simulation W in which 
Pura values were reduced to half their measured values.  The model in this case was 
constrained in the same fashion as the model in simulation V.   
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Figure 51: Effect of altering urethral support on the depth of urine penetration at the time 
point correspond to the second peak in Pabd during the applied cough loads.  Right figure 
represents simulation K in which all of the exterior ridges of the urethral geometry were 
constrained against in plane translation and measured Pura loads were applied.  Middle 
figure represents simulation V in which the only the lateral ridges of the urethral 
geometry were constrained against in plane motion and measured Pura loads were 
applied.  Right figure represents simulation W in which Pura values were reduced to half 
their measured values.  The model in this case was constrained in the same fashion as the 
model in simulation V.   
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Figure 52:  Effect of varying urethral constraints on funneling in the region of the 
bladder neck.  Top Left illustrates funneling predicted in Simulation K in which the non-
leaking urethral pressure loads were applied and the urethra was fully constrained for in-
plane motion.  Top Right illustrates the funneling predicted in Simulation V in which the 
non-leaking urethral pressure loads and the urethra was only constrained along its lateral 
ridges.  Bottom Left illustrates funneling predicted in Simulation L in which the leaking 
urethral pressure loads were applied and the urethra was fully constrained for in-plane 
motion.  Bottom Right illustrates the funneling predicted in Simulation W in which the 
non-leaking urethral pressure loads and the urethra was only constrained along its lateral 
ridges  
 

 
7.3 Discussion 
 
 The goal of this portion of the dissertation was to utilize the model developed and 

characterized in Chapter VI to gain insight into how urethral stiffness, applied urethral 

pressure and urethral support would impact the mechanics predicted by the model. 

 In attempting to model the bladder and urethra in the context of stress urinary 

incontinence at this point in time the modeler is faced with a situation in which there are 

many unknowns with regard to the constitutive behavior, boundary conditions and 
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important physical processes.  When attempting to model such a situation the modelers 

focus should be to utilize sensitivity analyses to gain insights into the mechanics of the 

modeled system  109   As a result, the models in this portion of this study focused on 

trying to understand how the mechanical response of a simplified model of a fluid filled 

bladder and urethra when subjected to fast acting pressure loads would be altered when 

the pressure acting on the tube, the compliance of the tube and the support of the tube 

were varied.  In other words, the results of the sensitivity analysis are valid for this model 

alone and their physiological implications should be treated with great care as the 

modeled situation and the physiological situation are not the same. 

 In this model, the applied Pura, the stiffness of the material properties assigned to 

the urethra and the support of the urethra all affected the depth to which urine could 

penetrate into the urethral lumen.  The impact of the urethral stiffness on the depth of 

penetration and the increased effectiveness of the measured Pura loads in reducing the 

depth of urine penetration when the urethral material was made more compliant indicates 

that one must take into account the material that is being moved out of the way or acted 

on by the external muscles of the urethra in constructing future models of the urethra.  In 

this model the walls of the lumen were considered to be an isometric material with the 

material properties being assigned based on the work of Haridas et al who determined the 

material properties of the urethra while considering the entire structure of the urethra.49  

In reality it is known that the urethra consists of many structures including the urethral 

sphincters, the vascular plexus, the smooth muscle tube of the urethra and the submucosal 

layer.4-8,15,17,19 Future models will need to take into account  the role each of these 
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structures plays in preventing leaks and determine which of these structures are displaced 

by the urine being forced into the urethral lumen. 

 The loading of the urethral walls with Pura loads extracted from urodynamic 

pressure measurements is controversial as the Pura measured during urodynamics of a 

stress event is actually a measure of the pressure exerted by the wall of the urethral lumen 

on the pressure transducer of the microtip catheter and may not be an accurate indicator 

of urethral resistance. 110  However, at this point in time another widespread method for 

measuring urethral resistance to flow does not exist.  In addition, in the above models as 

an initial approximation, it was assumed that the pressure rose in a uniform fashion along 

the entire length of the urethra due to the fact that the Pura measurement was only 

available at one location during the event.  In future models, it will need to be determined 

if non-uniform rises in Pura in different portions of the urethra will affect the mechanics 

predicted by the model.  The difficulty that arises in assigning these loads stems from the 

fact that while most anatomical descriptions provide information regarding the location 

of the structures like the external urethral sphincter that can exert pressure on the urethra 

it is difficult to infer from these descriptions how the pressure will vary from location to 

location during a stress event.4-8 

 The theories that have been proposed to conceptualize the continence mechanism 

have all focused on the support of the urethra as being critical to the maintenance of 

continence. 3,9,12  The models finding that the manner in which the urethra is constrained 

can affect the depth of urine penetration indicates that the support of the urethra must also 

be considered in future models. However, in order to accurately gauge the affect of 
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support on the predicted mechanics, more complex models of the bladder and the urethra 

that also incorporate the structures that support these organs will need to be considered. 

 To date, only Zhang et al have published a model of a fluid filled bladder and 

urethra during a stress event. 48  In this model the authors modeled these structures in a 

situation where a female subject lands a jump and assume that a leak will occur if any 

fluid enters into the urethra.  In the images published the fluid is only seen in the upper 

portion of the urethra and does not fully transit the urethra. In the present work urine was 

found to enter into the urethra in all of the events modeled indicating that this may not be 

a suitable criterion for evaluating if a leak will or will not occur. Similar to the model 

published by Zhang et al the current models did not predict full transit of urine through 

the urethra.  However, in the case of the current models this is most likely due to the time 

scaling that needed to be imposed on the model that modeled a 3 second cough event and 

a 5 second Valsalva maneuver as occurring in 0.3 and 0.5 seconds respectively.   

 
 
7.4 Conclusions 
 
 The solutions reported above indicate that the applied Pura, the urethral stiffness 

and urethral support all impact the depth to which urine can penetrate into the urethra.  

However, a significant amount of work must be done to improve the models to make the 

models more physiologically realistic and to fully determine the impact and importance 

of each of these parameters on the mechanics by which continence is maintained. 
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CHAPTER VIII 

 

OVERALL CONCLUSIONS AND FUTURE WORK 

 

 The focus of this study was to address the challenges associated with modeling 

the bladder and urethra in the context of stress urinary incontinence.  The main 

challenges encountered in this study were how to utilize clinically obtained urodynamic 

data in FEM models of the bladder and the urethra and how to model the fluid structure 

interactions that occur within the bladder and the urethra during stress events.  In the 

previous chapters, the construction of a simplified model of these structures in which the 

spilt operator form of the ALE method incorporating urodynamic pressures as loads to 

model these structures during stress events was detailed.  The models as described in this 

work should be looked on as a starting point for the construction of future models that 

can be used to gain insight into the mechanics of SUI  

 Future work will need to focus on making the models more physiologically 

realistic.  One of the first steps that should be taken in attempting to achieve this reailism 

would be to re-solve the models using an implicit solver.  The utilization of an implicit 
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solver should allow for larger time steps to be used allowing for a reduction in the 

computational cost required to solve each model.  The reduction in computational cost 

could potentially eliminate the need to incorporate a time scaling factor to achieve a 

solvable model.50,51,55,56  The removal of the time scaling factor would result in a more 

realistic model as the urodynamic pressures used to specify the loads acting on th model 

would be applied over the same time interval in which they were measured during 

urodynamic testing thereby eliminating one abstraction from the model.   

In addition to eliminating the time scaling utilized in the model the use of more 

realistic geometries and more realistic boundary conditions would also contribute to a 

more physiologically realistic model.  A first step to achieving this realism would be to 

utilize medical images to construct physiologically realistic geometries of the bladder and 

the urethra and re-run the simulations detailed in this dissertation to determine if the more 

realistic geometries would have an impact on the mechanics predicted by the model.  

Future models will also need to incorporate more realistic boundary conditions to 

simulate the physiologic support provided by the structures of the pelvic floor and 

connective tissue.  It is at this point that the use of the split operator form of the ALE 

method will be limited due to the fact that the support structures will need to be 

embedded within the Eulerian mesh representing the fluid which may impact the 

deformations predicted for these structures during stress events.  One potential way to 

overcome this challenge would be to construct two models, in which a complex 

Lagrangian model based on medical images is used to determine the deformations of the 

structures and provide insight into how to constrain the bladder and urethra with 

equivalent geometries in a split operator model used to investigate the fluid structure 
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interactions.  Both models will be needed as any deformation or stress information that 

can be generated by the complex Lagrangian model will not provide a great deal of 

insight into SUI unless it can be determined how these parameters will affect the fluid 

structure interactions that will indicate if a leak will or will not occur. 

In order to evaluate the physiological realism of the above model it will be 

necessary to obtain medical images of the lower urinary tract and the pelvic floor 

detailing the deformation of these structures during a stress event.  The medical images 

may be in the form of cine-magnetic resonance images of a stress event or Doppler ultra-

sound images of a stress event.  In either case it will be necessary to obtain urodynamic 

data that is acquired at the same time as the images.  The urodynamic data will be critical 

to incorporating realistic loads into the model while the medical image data will be 

needed to evaluate if the deformations predicted by the model.  In addition, it should be 

recorded as to whether a visivle leakage of urine was observed or not during a given 

stress event as this information will will be critical to evaluating the fluid mechanics 

predicted by the model.  Determing if the model can predict when leaks should or should 

not occur will be critical to establishing the usefulness of future models in investigating 

the mechanics of SUI.    
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First Objective Non-Linear Model 
 
Units 
Length  Meter 
Time  Second 
Mass  Kilogram 
Force  Newton 
 
 
*KEYWORD   
*TITLE 
$# title 
LS-DYNA keyword deck by LS-Prepost                                               
*CONTROL_TERMINATION 
$#  endtim    endcyc     dtmin    endeng    endmas 
  1.800000         0     0.000     0.000     0.000 
*DATABASE_BINARY_D3PLOT 
$#      dt      lcdt      beam     npltc    psetid 

0.050000         0         0         0         0 
*CONTACT_SURFACE_TO_SURFACE_ID 
$ SLIDING INTERFACE DEFINITIONS 
$ TrueGrid Sliding Interface #    1 
$#     cid                                                                 title 
         1TrueGridSlidingInterface#1                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         3         1         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*CONTACT_SURFACE_TO_SURFACE_ID 
$#     cid                                                                 title 
         2TrueGridSlidingInterface#2                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         3         4         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*CONTACT_SURFACE_TO_SURFACE_ID 
$#     cid                                                                 title 
         3TrueGridSlidingInterface#3                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         2         4         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*PART 
$# title 
bladder wall mooney rivlin hyperelastic                                          
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         1         1         1         0         1         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         1         2         0 
*MAT_MOONEY-RIVLIN_RUBBER 
$#     mid        ro        pr         a         b       ref 
         1 1030.0000  0.450000 7500.0000 2500.0000     0.000 
$#     sgl        sw        st      lcid 
     0.000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         1         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
liquid treated as quasi solid                                                    
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$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         2         2         2         0         2         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         2         2         0 
*MAT_ELASTIC_FLUID 
$ DEFINITION OF MATERIAL     2 
$#     mid        ro         e        pr        da        db         k 
         2 1000.0000 2.2000E+9  0.000000     0.000     0.000 2.2000E+9 
$#      vc        cp 
  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         2         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
linearly elastic contracted muscle support structure                             
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         3         3         3         0         3         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         3         2         0 
*MAT_ELASTIC 
$ DEFINITION OF MATERIAL     3 
$#     mid        ro         e        pr        da        db  not used 
         3 1040.0000 5.0000E+6  0.450000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         3         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
blatz ko rubber urethra                                                          
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         4         4         4         0         4         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         4         2         0 
*MAT_BLATZ-KO_RUBBER 
$ DEFINITION OF MATERIAL     4 
$#     mid        ro         g       ref 
         4 1030.0000 1.0000E+5     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         4         1  1.000000         0     0.000     0.000     0.000     0.000 
*DEFINE_CURVE 
$ LOAD CURVES 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         1         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.2000000         372.7000122 
           0.4000000         245.1999969 
           0.6000000        1981.0000000 
           0.8000000        8218.0000000 
           1.0000000        11033.000000 
           1.2000000        2746.0000000 
           1.4000000        6011.7001953 
           1.6000000         921.7999878 
           1.8000000               0.000 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         2         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.2000000        -372.7000122 
           0.4000000        -245.1999969 
           0.6000000       -1981.0000000 
           0.8000000       -8218.0000000 
           1.0000000       -11033.000000 
           1.2000000       -2746.0000000 
           1.4000000       -6011.7001953 
           1.6000000        -921.7999878 
           1.8000000               0.000 
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APPENDIX B: 
 

ABRIDGED LS DYNA KEYWORD FILE: 
 

FIRST OBJECTIVE LINEAR MODEL 
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First Objective Linear Model 
 
Units 
Length  Meter 
Time  Second 
Mass  Kilogram 
Force  Newton 
 
 
*KEYWORD   
*TITLE 
$# title 
LS-DYNA keyword deck by LS-Prepost                                               
*CONTROL_TERMINATION 
$#  endtim    endcyc     dtmin    endeng    endmas 
  1.800000         0     0.000     0.000     0.000 
*DATABASE_BINARY_D3PLOT 
$#      dt      lcdt      beam     npltc    psetid 

0.050000         0         0         0         0 
*CONTACT_SURFACE_TO_SURFACE_ID 
$ SLIDING INTERFACE DEFINITIONS 
$ TrueGrid Sliding Interface #    1 
$#     cid                                                                 title 
         1TrueGridSlidingInterface#1                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         3         1         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*CONTACT_SURFACE_TO_SURFACE_ID 
$#     cid                                                                 title 
         2TrueGridSlidingInterface#2                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         3         4         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*CONTACT_SURFACE_TO_SURFACE_ID 
$#     cid                                                                 title 
         3TrueGridSlidingInterface#3                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         2         4         3         3         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*PART 
$# title 
linearly elastic bladder wall                                                    
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         1         1         1         0         1         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         1         2         0 
*MAT_ELASTIC 
$#     mid        ro         e        pr        da        db  not used 
         1 1030.0000 50000.000  0.450000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         1         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
liquid treated as quasi solid                                                    
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         2         2         2         0         2         0         0         0 
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*SECTION_SOLID 
$#   secid    elform       aet 
         2         2         0 
*MAT_ELASTIC_FLUID 
$ DEFINITION OF MATERIAL     2 
$#     mid        ro         e        pr        da        db         k 
         2 1000.0000 2.2000E+9  0.000000     0.000     0.000 2.2000E+9 
$#      vc        cp 
  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         2         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
linearly elastic contracted muscle support structure                             
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         3         3         3         0         3         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         3         2         0 
*MAT_ELASTIC 
$ DEFINITION OF MATERIAL     3 
$#     mid        ro         e        pr        da        db  not used 
         3 1040.0000 5.0000E+6  0.450000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         3         1  1.000000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
linearly elastic Urethra                                                         
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         4         4         4         0         4         0         0         0 
*SECTION_SOLID 
$#   secid    elform       aet 
         4         2         0 
*MAT_ELASTIC 
$ DEFINITION OF MATERIAL     4 
$#     mid        ro         e        pr        da        db  not used 
         4 1040.0000 5.0000E+6  0.450000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         4         1  1.000000         0     0.000     0.000     0.000     0.000 
*DEFINE_CURVE 
$ LOAD CURVES 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         1         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.2000000         372.7000122 
           0.4000000         245.1999969 
           0.6000000        1981.0000000 
           0.8000000        8218.0000000 
           1.0000000        11033.000000 
           1.2000000        2746.0000000 
           1.4000000        6011.7001953 
           1.6000000         921.7999878 
           1.8000000               0.000 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         2         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.2000000        -372.7000122 
           0.4000000        -245.1999969 
           0.6000000       -1981.0000000 
           0.8000000       -8218.0000000 
           1.0000000       -11033.000000 
           1.2000000       -2746.0000000 
           1.4000000       -6011.7001953 
           1.6000000        -921.7999878 

         1.8000000               0.000 
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APPENDIX C: 
 

ABRIDGED LS DYNA KEYWORD FILE  
 

SECOND OBJECTIVE NON-LEAKING MODEL 
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Second Objective Non-Leaking Model 
 
Units 
Length  Millimeter 
Time  Second 
Mass   Tonne 
Force  Newton 
 
*KEYWORD   
*TITLE 
$# title 
LS-DYNA keyword deck by LS-Prepost                                               
*CONTROL_ALE 
$#     dct      nadv      meth      afac      bfac      cfac      dfac      efac 
         1         1         1 -1.000000     0.000     0.000     0.000     0.000 
$#   start       end     aafac     vfact      prit       ebc      pref   nsidebc 
     0.0001.0000E+20  1.000000 1.0000E-6         0         0     0.000         0 
*CONTROL_CONTACT 
$#  slsfac    rwpnal    islchk    shlthk    penopt    thkchg     orien    enmass 
  0.100000     0.000         1         0         0         0         1         0 
$#  usrstr    usrfrc     nsbcs    interm     xpene     ssthk      ecdt   tiedprj 
         0         0         0         0  4.000000         0         0         0 
$#   sfric     dfric       edc       vfc        th     th_sf    pen_sf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
$#  ignore    frceng   skiprwg    outseg   spotstp   spotdel   spothin 
         0         0         0         0         0         0     0.000 
$#    isym    nserod    rwgaps    rwgdth     rwksf      icov    swradf    ithoff 
         0         0         0     0.000  1.000000         0     0.000         0 
 
*CONTROL_ENERGY 
$#    hgen      rwen    slnten     rylen 
         2         2         1         1 
*CONTROL_SHELL 
$#  wrpang     esort     irnxx    istupd    theory       bwc     miter      proj 
 20.000000         0        -1         0         2         2         1         0 
$# rotascl    intgrd    lamsht    cstyp6    tshell    nfail1    nfail4   psnfail 
  1.000000         0         0         1         0         0         0         0 
$# psstupd    irquad 
         0         0 
*CONTROL_TERMINATION 
$#  endtim    endcyc     dtmin    endeng    endmas 
  0.300000         0     0.000     0.000     0.000 
*CONTROL_TIMESTEP 
$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     erode     ms1st 
     0.000  0.900000         0     0.000     0.000         0         0         0 
$#  dt2msf   dt2mslc     imscl 
     0.000         0         0 
*DATABASE_BINARY_D3PLOT 
$#      dt      lcdt      beam     npltc    psetid 
  0.005000         0         0         0         0 
$ MATERIAL CARDS 
$ DEFINITION OF MATERIAL     1 
$#   ioopt 
         0 
*DATABASE_BINARY_RUNRSF 
$#      dt      lcdt      beam     npltc    psetid 
 1.0000E+5         0         0         0         0 
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*CONTACT_SINGLE_SURFACE_ID 
$ SLIDING INTERFACE DEFINITIONS 
$ TrueGrid Sliding Interface #    1 
$#     cid                                                                 title 
         1TrueGridSlidingInterface#1                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         5         0         3         0         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*PART 
$# title 
bladder wall mooney rivlin hyperelastic                                          
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         1         1         1         0         1         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         1         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  2.000000  2.000000  2.000000  2.000000 -1.000000     0.000     0.000         0 
*MAT_MOONEY-RIVLIN_RUBBER 
$#     mid        ro        pr         a         b       ref 
         1 1.0300E-9  0.450000  0.007500  0.002500     0.000 
$#     sgl        sw        st      lcid 
     0.000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         1         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
urethra and bladder neck modeled as blatz ko hyperelastic materials              
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         4         4         4         0         4         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         4         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  2.000000  2.000000  2.000000  2.000000 -1.000000     0.000     0.000         0 
*MAT_BLATZ-KO_RUBBER 
$ DEFINITION OF MATERIAL     4 
$#     mid        ro         g       ref 
         4 1.0400E-9  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         4         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
urethra and bladder neck modeled as blatz ko hyperelastic materials              
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         5         5         5         0         5         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         5         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  4.000000  4.000000  4.000000  4.000000 -1.000000     0.000     0.000         0 
*MAT_BLATZ-KO_RUBBER 
$ DEFINITION OF MATERIAL     5 
$#     mid        ro         g       ref 
         5 1.0400E-9  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         5         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         7         7        24         0         7         0         0         0 
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*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         7        11         0 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ELASTIC_FLUID 
$#     mid        ro         e        pr        da        db         k 
        24 1.0000E-9     0.000     0.000     0.000     0.000 2250.0000 
$#      vc        cp 
  0.1000001.0000E+20 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         7         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         8         8        21         0         8         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         8        11         3 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        21 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         8         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         9         9        22         0         9         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         9        11         1 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        22 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         9         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
        10        10        23         0        10         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
        10        11         0 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        23 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
        10         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*MAT_NULL 
$ DEFINITION OF MATERIAL     7 
$#     mid        ro        pc        mu     terod     cerod        ym        pr 
         7 1.0000E-9     0.000 1.0000E-9     0.000     0.000     0.000     0.000 
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*DEFINE_CURVE 
$ LOAD CURVES 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         1         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000      7.8455999e-004 
           0.0400000           0.0015691 
           0.0600000           0.0023537 
           0.0800000           0.0031382 
           0.1000000           0.0038443 
           0.1200000           0.0042170 
           0.1400000           0.0040895 
           0.1600000           0.0058254 
           0.1800000           0.0120626 
           0.2000000           0.0148772 
           0.2200000           0.0065903 
           0.2400000           0.0098560 
           0.2600000           0.0047662 
           0.2800000           0.0032363 
           0.3000000           0.0038443 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         2         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000     -7.8455999e-004 
           0.0400000          -0.0015691 
           0.0600000          -0.0023537 
           0.0800000          -0.0031382 
           0.1000000          -0.0038443 
           0.1200000          -0.0042170 
           0.1400000          -0.0040895 
           0.1600000          -0.0058254 
           0.1800000          -0.0120626 
           0.2000000          -0.0148772 
           0.2200000          -0.0065903 
           0.2400000          -0.0098560 
           0.2600000          -0.0047662 
           0.2800000          -0.0032363 
           0.3000000          -0.0038443 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         3         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000      7.8455999e-004 
           0.0400000               0.000 
           0.0600000               0.000 
           0.0800000               0.000 
           0.1000000               0.000 
           0.1200000               0.000 
           0.1400000               0.000 
           0.1600000               0.000 
           0.1800000               0.000 
           0.2000000               0.000 
           0.2200000               0.000 
           0.2400000               0.000 
           0.2600000               0.000 
           0.2800000               0.000 
           0.3000000               0.000 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         4         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000     -7.8455999e-004 
           0.0400000               0.000 
           0.0600000               0.000 
           0.0800000               0.000 
           0.1000000               0.000 
           0.1200000               0.000 
           0.1400000               0.000 
           0.1600000               0.000 
           0.1800000               0.000 
           0.2000000               0.000 
           0.2200000               0.000 
           0.2400000               0.000 
           0.2600000               0.000 
           0.2800000               0.000 
           0.3000000               0.000 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         5         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0014110 
           0.0200000           0.0014110 
           0.0400000           0.0028220 
           0.0600000           0.0042330 
           0.0800000           0.0056439 
           0.1000000           0.0069533 
           0.1200000           0.0066373 
           0.1400000           0.0070041 
           0.1600000           0.0081837 
           0.1800000           0.0109718 
           0.2000000           0.0124336 
           0.2200000           0.0083812 
           0.2400000           0.0091093 
           0.2600000           0.0083135 
           0.2800000           0.0067219 
           0.3000000           0.0069533 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         6         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0014110 
           0.0200000          -0.0014110 
           0.0400000          -0.0028220 
           0.0600000          -0.0042330 
           0.0800000          -0.0056439 
           0.1000000          -0.0069533 
           0.1200000          -0.0066373 
           0.1400000          -0.0070041 
           0.1600000          -0.0081837 
           0.1800000          -0.0109718 
           0.2000000          -0.0124336 
           0.2200000          -0.0083812 
           0.2400000          -0.0091093 
           0.2600000          -0.0083135 
           0.2800000          -0.0067219 
           0.3000000          -0.0069533 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         7         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0018379 
           0.0200000           0.0018379 
           0.0400000           0.0036759 
           0.0600000           0.0055138 
           0.0800000           0.0073517 
           0.1000000           0.0090573 
           0.1200000           0.0086456 
           0.1400000           0.0091235 
           0.1600000           0.0106600 
           0.1800000           0.0142918 
           0.2000000           0.0161959 
           0.2200000           0.0109173 
           0.2400000           0.0118657 
           0.2600000           0.0108291 
           0.2800000           0.0087559 
           0.3000000           0.0090573 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         8         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0018379 
           0.0200000          -0.0018379 
           0.0400000          -0.0036759 
           0.0600000          -0.0055138 
           0.0800000          -0.0073517 
           0.1000000          -0.0090573 
           0.1200000          -0.0086456 
           0.1400000          -0.0091235 
           0.1600000          -0.0106600 
           0.1800000          -0.0142918 
           0.2000000          -0.0161959 
           0.2200000          -0.0109173 
           0.2400000          -0.0118657 
           0.2600000          -0.0108291 
           0.2800000          -0.0087559 
           0.3000000          -0.0090573 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         9         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0021106 
           0.0200000           0.0021106 
           0.0400000           0.0042212 
           0.0600000           0.0063318 
           0.0800000           0.0084424 
           0.1000000           0.0104010 
           0.1200000           0.0099282 
           0.1400000           0.0104770 
           0.1600000           0.0122414 
           0.1800000           0.0164120 
           0.2000000           0.0185986 
           0.2200000           0.0125369 
           0.2400000           0.0136260 
           0.2600000           0.0124356 
           0.2800000           0.0100549 
           0.3000000           0.0104010 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        10         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0021106 
           0.0200000          -0.0021106 
           0.0400000          -0.0042212 
           0.0600000          -0.0063318 
           0.0800000          -0.0084424 
           0.1000000          -0.0104010 
           0.1200000          -0.0099282 
           0.1400000          -0.0104770 
           0.1600000          -0.0122414 
           0.1800000          -0.0164120 
           0.2000000          -0.0185986 
           0.2200000          -0.0125369 
           0.2400000          -0.0136260 
           0.2600000          -0.0124356 
           0.2800000          -0.0100549 
           0.3000000          -0.0104010 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        11         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0021873 
           0.0200000           0.0021873 
           0.0400000           0.0043745 
           0.0600000           0.0065618 
           0.0800000           0.0087491 
           0.1000000           0.0107788 
           0.1200000           0.0102889 
           0.1400000           0.0108576 
           0.1600000           0.0126861 
           0.1800000           0.0170082 
           0.2000000           0.0192742 
           0.2200000           0.0129924 
           0.2400000           0.0141210 
           0.2600000           0.0128874 
           0.2800000           0.0104201 
           0.3000000           0.0107788 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        12         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0021873 
           0.0200000          -0.0021873 
           0.0400000          -0.0043745 
           0.0600000          -0.0065618 
           0.0800000          -0.0087491 
           0.1000000          -0.0107788 
           0.1200000          -0.0102889 
           0.1400000          -0.0108576 
           0.1600000          -0.0126861 
           0.1800000          -0.0170082 
           0.2000000          -0.0192742 
           0.2200000          -0.0129924 
           0.2400000          -0.0141210 
           0.2600000          -0.0128874 
           0.2800000          -0.0104201 
           0.3000000          -0.0107788 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        13         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0022622 
           0.0200000           0.0022622 
           0.0400000           0.0045243 
           0.0600000           0.0067865 
           0.0800000           0.0090486 
           0.1000000           0.0111479 
           0.1200000           0.0106412 
           0.1400000           0.0112293 
           0.1600000           0.0131205 
           0.1800000           0.0175905 
           0.2000000           0.0199341 
           0.2200000           0.0134372 
           0.2400000           0.0146045 
           0.2600000           0.0133286 
           0.2800000           0.0107769 
           0.3000000           0.0111479 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        14         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0022622 
           0.0200000          -0.0022622 
           0.0400000          -0.0045243 
           0.0600000          -0.0067865 
           0.0800000          -0.0090486 
           0.1000000          -0.0111479 
           0.1200000          -0.0106412 
           0.1400000          -0.0112293 
           0.1600000          -0.0131205 
           0.1800000          -0.0175905 
           0.2000000          -0.0199341 
           0.2200000          -0.0134372 
           0.2400000          -0.0146045 
           0.2600000          -0.0133286 
           0.2800000          -0.0107769 
           0.3000000          -0.0111479 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        15         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0024221 
           0.0200000           0.0024221 
           0.0400000           0.0048442 
           0.0600000           0.0072663 
           0.0800000           0.0096885 
           0.1000000           0.0119362 
           0.1200000           0.0113936 
           0.1400000           0.0120234 
           0.1600000           0.0140483 
           0.1800000           0.0188344 
           0.2000000           0.0213437 
           0.2200000           0.0143874 
           0.2400000           0.0156372 
           0.2600000           0.0142711 
           0.2800000           0.0115390 
           0.3000000           0.0119362 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        16         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0024221 
           0.0200000          -0.0024221 
           0.0400000          -0.0048442 
           0.0600000          -0.0072663 
           0.0800000          -0.0096885 
           0.1000000          -0.0119362 
           0.1200000          -0.0113936 
           0.1400000          -0.0120234 
           0.1600000          -0.0140483 
           0.1800000          -0.0188344 
           0.2000000          -0.0213437 
           0.2200000          -0.0143874 
           0.2400000          -0.0156372 
           0.2600000          -0.0142711 
           0.2800000          -0.0115390 
           0.3000000          -0.0119362 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        17         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0021450 
           0.0200000           0.0021450 
           0.0400000           0.0042901 
           0.0600000           0.0064351 
           0.0800000           0.0085802 
           0.1000000           0.0105708 
           0.1200000           0.0100903 
           0.1400000           0.0106480 
           0.1600000           0.0124413 
           0.1800000           0.0166799 
           0.2000000           0.0189021 
           0.2200000           0.0127416 
           0.2400000           0.0138484 
           0.2600000           0.0126386 
           0.2800000           0.0102190 
           0.3000000           0.0105708 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        18         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0021450 
           0.0200000          -0.0021450 
           0.0400000          -0.0042901 
           0.0600000          -0.0064351 
           0.0800000          -0.0085802 
           0.1000000          -0.0105708 
           0.1200000          -0.0100903 
           0.1400000          -0.0106480 
           0.1600000          -0.0124413 
           0.1800000          -0.0166799 
           0.2000000          -0.0189021 
           0.2200000          -0.0127416 
           0.2400000          -0.0138484 
           0.2600000          -0.0126386 
           0.2800000          -0.0102190 
           0.3000000          -0.0105708 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        19         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0014717 
           0.0200000           0.0014717 
           0.0400000           0.0029434 
           0.0600000           0.0044151 
           0.0800000           0.0058868 
           0.1000000           0.0072525 
           0.1200000           0.0069228 
           0.1400000           0.0073055 
           0.1600000           0.0085358 
           0.1800000           0.0114439 
           0.2000000           0.0129685 
           0.2200000           0.0087418 
           0.2400000           0.0095012 
           0.2600000           0.0086712 
           0.2800000           0.0070111 
           0.3000000           0.0072525 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        20         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0014717 
           0.0200000          -0.0014717 
           0.0400000          -0.0029434 
           0.0600000          -0.0044151 
           0.0800000          -0.0058868 
           0.1000000          -0.0072525 
           0.1200000          -0.0069228 
           0.1400000          -0.0073055 
           0.1600000          -0.0085358 
           0.1800000          -0.0114439 
           0.2000000          -0.0129685 
           0.2200000          -0.0087418 
           0.2400000          -0.0095012 
           0.2600000          -0.0086712 
           0.2800000          -0.0070111 
           0.3000000          -0.0072525 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        21         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      9.2868198e-004 
           0.0200000      9.2868198e-004 
           0.0400000           0.0018574 
           0.0600000           0.0027860 
           0.0800000           0.0037147 
           0.1000000           0.0045765 
           0.1200000           0.0043685 
           0.1400000           0.0046100 
           0.1600000           0.0053864 
           0.1800000           0.0072214 
           0.2000000           0.0081835 
           0.2200000           0.0055164 
           0.2400000           0.0059956 
           0.2600000           0.0054718 
           0.2800000           0.0044242 
           0.3000000           0.0045765 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        22         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -9.2868198e-004 
           0.0200000     -9.2868198e-004 
           0.0400000          -0.0018574 
           0.0600000          -0.0027860 
           0.0800000          -0.0037147 
           0.1000000          -0.0045765 
           0.1200000          -0.0043685 
           0.1400000          -0.0046100 
           0.1600000          -0.0053864 
           0.1800000          -0.0072214 
           0.2000000          -0.0081835 
           0.2200000          -0.0055164 
           0.2400000          -0.0059956 
           0.2600000          -0.0054718 
           0.2800000          -0.0044242 
           0.3000000          -0.0045765 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        23         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      6.1999698e-004 
           0.0200000      6.1999698e-004 
           0.0400000           0.0012400 
           0.0600000           0.0018600 
           0.0800000           0.0024800 
           0.1000000           0.0030553 
           0.1200000           0.0029165 
           0.1400000           0.0030777 
           0.1600000           0.0035960 
           0.1800000           0.0048211 
           0.2000000           0.0054634 
           0.2200000           0.0036828 
           0.2400000           0.0040027 
           0.2600000           0.0036530 
           0.2800000           0.0029537 
           0.3000000           0.0030553 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        24         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -6.1999698e-004 
           0.0200000     -6.1999698e-004 
           0.0400000          -0.0012400 
           0.0600000          -0.0018600 
           0.0800000          -0.0024800 
           0.1000000          -0.0030553 
           0.1200000          -0.0029165 
           0.1400000          -0.0030777 
           0.1600000          -0.0035960 
           0.1800000          -0.0048211 
           0.2000000          -0.0054634 
           0.2200000          -0.0036828 
           0.2400000          -0.0040027 
           0.2600000          -0.0036530 
           0.2800000          -0.0029537 
           0.3000000          -0.0030553 
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*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         1     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         1         4         5         7         8         9        10         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         2     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         1         4         5         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         3     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         7         8         9        10         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         4     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         7         0         0         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         5     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         8         9         0         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         6     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
        10         0         0         0         0         0         0         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         4         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         5         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         6         0 
*CONSTRAINED_LAGRANGE_IN_SOLID 
$#   slave    master     sstyp     mstyp     nquad     ctype     direc     mcoup 
         2         3         0         0         0         4         1         0 
$#   start       end      pfac      fric    frcmin      norm   normtyp      damp 
     0.0001.0000E+10  0.100000     0.000  0.100000         0         0         0 
$#      cq      hmin      hmax     ileak     pleak   lcidpor     nvent  blockage 
     0.000     0.000     0.000         2  0.010000         0         0         0 
$#  iboxid   ipenchk   intforc   ialesof    lagmul    pfacmm      thkf 
         0         0         0         0     0.000         0     0.000 
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ABRIDGED LS DYNA KEYWORD FILE  
 

SECOND OBJECTIVE LEAKING MODEL 
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Second Objective Leaking Model 
 
Units 
Length  Millimeter 
Time  Second 
Mass   Tonne 
Force  Newton 
 
*KEYWORD   
*TITLE 
$# title 
LS-DYNA keyword deck by LS-Prepost                                               
*CONTROL_ALE 
$#     dct      nadv      meth      afac      bfac      cfac      dfac      efac 
         1         1         1 -1.000000     0.000     0.000     0.000     0.000 
$#   start       end     aafac     vfact      prit       ebc      pref   nsidebc 
     0.0001.0000E+20  1.000000 1.0000E-6         0         0     0.000         0 
*CONTROL_CONTACT 
$#  slsfac    rwpnal    islchk    shlthk    penopt    thkchg     orien    enmass 
  0.100000     0.000         1         0         0         0         1         0 
$#  usrstr    usrfrc     nsbcs    interm     xpene     ssthk      ecdt   tiedprj 
         0         0         0         0  4.000000         0         0         0 
$#   sfric     dfric       edc       vfc        th     th_sf    pen_sf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
$#  ignore    frceng   skiprwg    outseg   spotstp   spotdel   spothin 
         0         0         0         0         0         0     0.000 
$#    isym    nserod    rwgaps    rwgdth     rwksf      icov    swradf    ithoff 
         0         0         0     0.000  1.000000         0     0.000         0 
 
*CONTROL_ENERGY 
$#    hgen      rwen    slnten     rylen 
         2         2         1         1 
*CONTROL_SHELL 
$#  wrpang     esort     irnxx    istupd    theory       bwc     miter      proj 
 20.000000         0        -1         0         2         2         1         0 
$# rotascl    intgrd    lamsht    cstyp6    tshell    nfail1    nfail4   psnfail 
  1.000000         0         0         1         0         0         0         0 
$# psstupd    irquad 
         0         0 
*CONTROL_TERMINATION 
$#  endtim    endcyc     dtmin    endeng    endmas 
  0.300000         0     0.000     0.000     0.000 
*CONTROL_TIMESTEP 
$#  dtinit    tssfac      isdo    tslimt     dt2ms      lctm     erode     ms1st 
     0.000  0.900000         0     0.000     0.000         0         0         0 
$#  dt2msf   dt2mslc     imscl 
     0.000         0         0 
*DATABASE_BINARY_D3PLOT 
$#      dt      lcdt      beam     npltc    psetid 
  0.005000         0         0         0         0 
$ MATERIAL CARDS 
$ DEFINITION OF MATERIAL     1 
$#   ioopt 
         0 
*DATABASE_BINARY_RUNRSF 
$#      dt      lcdt      beam     npltc    psetid 
 1.0000E+5         0         0         0         0 
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*CONTACT_SINGLE_SURFACE_ID 
$ SLIDING INTERFACE DEFINITIONS 
$ TrueGrid Sliding Interface #    1 
$#     cid                                                                 title 
         1TrueGridSlidingInterface#1                                             
$#    ssid      msid     sstyp     mstyp    sboxid    mboxid       spr       mpr 
         5         0         3         0         0         0         0         0 
$#      fs        fd        dc        vc       vdc    penchk        bt        dt 
     0.000     0.000     0.000     0.000     0.000         0     0.000     0.000 
$#     sfs       sfm       sst       mst      sfst      sfmt       fsf       vsf 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*PART 
$# title 
bladder wall mooney rivlin hyperelastic                                          
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         1         1         1         0         1         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         1         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  2.000000  2.000000  2.000000  2.000000 -1.000000     0.000     0.000         0 
*MAT_MOONEY-RIVLIN_RUBBER 
$#     mid        ro        pr         a         b       ref 
         1 1.0300E-9  0.450000  0.007500  0.002500     0.000 
$#     sgl        sw        st      lcid 
     0.000     0.000     0.000         0 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         1         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
urethra and bladder neck modeled as blatz ko hyperelastic materials              
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         4         4         4         0         4         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         4         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  2.000000  2.000000  2.000000  2.000000 -1.000000     0.000     0.000         0 
*MAT_BLATZ-KO_RUBBER 
$ DEFINITION OF MATERIAL     4 
$#     mid        ro         g       ref 
         4 1.0400E-9  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         4         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
urethra and bladder neck modeled as blatz ko hyperelastic materials              
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         5         5         5         0         5         0         0         0 
*SECTION_SHELL 
$#   secid    elform      shrf       nip     propt   qr/irid     icomp     setyp 
         5         1  0.830000         0         1         0         0         1 
$#      t1        t2        t3        t4      nloc     marea      idof    edgset 
  4.000000  4.000000  4.000000  4.000000 -1.000000     0.000     0.000         0 
*MAT_BLATZ-KO_RUBBER 
$ DEFINITION OF MATERIAL     5 
$#     mid        ro         g       ref 
         5 1.0400E-9  0.100000     0.000 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         5         1  0.100000         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         7         7        24         0         7         0         0         0 
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*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         7        11         0 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ELASTIC_FLUID 
$#     mid        ro         e        pr        da        db         k 
        24 1.0000E-9     0.000     0.000     0.000     0.000 2250.0000 
$#      vc        cp 
  0.1000001.0000E+20 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         7         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         8         8        21         0         8         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         8        11         3 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        21 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         8         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
         9         9        22         0         9         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
         9        11         1 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        22 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
         9         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*PART 
$# title 
material type # 9  (Fluid)                                                       
$#     pid     secid       mid     eosid      hgid      grav    adpopt      tmid 
        10        10        23         0        10         0         0         0 
*SECTION_SOLID_ALE 
$#   secid    elform       aet 
        10        11         0 
$#    afac      bfac      cfac      dfac     start       end     aafac 
     0.000     0.000     0.000     0.000     0.000     0.000     0.000 
*MAT_ALE_VACUUM 
$#     mid       rho 
        23 1.0000E-9 
*HOURGLASS 
$#    hgid       ihq        qm       ibq        q1        q2    qb/vdc        qw 
        10         1 1.0000E-5         0     0.000     0.000     0.000     0.000 
*MAT_NULL 
$ DEFINITION OF MATERIAL     7 
$#     mid        ro        pc        mu     terod     cerod        ym        pr 
         7 1.0000E-9     0.000 1.0000E-9     0.000     0.000     0.000     0.000 
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*DEFINE_CURVE 
$ LOAD CURVES 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         1         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000      7.8455999e-004 
           0.0400000           0.0015691 
           0.0600000           0.0023537 
           0.0800000           0.0031382 
           0.1000000           0.0038443 
           0.1200000           0.0042170 
           0.1400000           0.0040895 
           0.1600000           0.0058254 
           0.1800000           0.0120626 
           0.2000000           0.0148772 
           0.2200000           0.0065903 
           0.2400000           0.0098560 
           0.2600000           0.0047662 
           0.2800000           0.0032363 
           0.3000000           0.0038443 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         2         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000     -7.8455999e-004 
           0.0400000          -0.0015691 
           0.0600000          -0.0023537 
           0.0800000          -0.0031382 
           0.1000000          -0.0038443 
           0.1200000          -0.0042170 
           0.1400000          -0.0040895 
           0.1600000          -0.0058254 
           0.1800000          -0.0120626 
           0.2000000          -0.0148772 
           0.2200000          -0.0065903 
           0.2400000          -0.0098560 
           0.2600000          -0.0047662 
           0.2800000          -0.0032363 
           0.3000000          -0.0038443 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         3         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000      7.8455999e-004 
           0.0400000               0.000 
           0.0600000               0.000 
           0.0800000               0.000 
           0.1000000               0.000 
           0.1200000               0.000 
           0.1400000               0.000 
           0.1600000               0.000 
           0.1800000               0.000 
           0.2000000               0.000 
           0.2200000               0.000 
           0.2400000               0.000 
           0.2600000               0.000 
           0.2800000               0.000 
           0.3000000               0.000 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         4         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000               0.000 
           0.0200000     -7.8455999e-004 
           0.0400000               0.000 
           0.0600000               0.000 
           0.0800000               0.000 
           0.1000000               0.000 
           0.1200000               0.000 
           0.1400000               0.000 
           0.1600000               0.000 
           0.1800000               0.000 
           0.2000000               0.000 
           0.2200000               0.000 
           0.2400000               0.000 
           0.2600000               0.000 
           0.2800000               0.000 
           0.3000000               0.000 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         5         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      7.0549198e-004 
           0.0200000      7.0549198e-004 
           0.0400000           0.0014110 
           0.0600000           0.0021165 
           0.0800000           0.0028220 
           0.1000000           0.0034767 
           0.1200000           0.0033186 
           0.1400000           0.0035021 
           0.1600000           0.0040919 
           0.1800000           0.0054859 
           0.2000000           0.0062168 
           0.2200000           0.0041906 
           0.2400000           0.0045547 
           0.2600000           0.0041568 
           0.2800000           0.0033610 
           0.3000000           0.0034767 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         6         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -7.0549198e-004 
           0.0200000     -7.0549198e-004 
           0.0400000          -0.0014110 
           0.0600000          -0.0021165 
           0.0800000          -0.0028220 
           0.1000000          -0.0034767 
           0.1200000          -0.0033186 
           0.1400000          -0.0035021 
           0.1600000          -0.0040919 
           0.1800000          -0.0054859 
           0.2000000          -0.0062168 
           0.2200000          -0.0041906 
           0.2400000          -0.0045547 
           0.2600000          -0.0041568 
           0.2800000          -0.0033610 
           0.3000000          -0.0034767 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         7         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      9.1896701e-004 
           0.0200000      9.1896701e-004 
           0.0400000           0.0018379 
           0.0600000           0.0027569 
           0.0800000           0.0036759 
           0.1000000           0.0045287 
           0.1200000           0.0043228 
           0.1400000           0.0045618 
           0.1600000           0.0053300 
           0.1800000           0.0071459 
           0.2000000           0.0080979 
           0.2200000           0.0054587 
           0.2400000           0.0059328 
           0.2600000           0.0054146 
           0.2800000           0.0043780 
           0.3000000           0.0045287 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         8         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -9.1896701e-004 
           0.0200000     -9.1896701e-004 
           0.0400000          -0.0018379 
           0.0600000          -0.0027569 
           0.0800000          -0.0036759 
           0.1000000          -0.0045287 
           0.1200000          -0.0043228 
           0.1400000          -0.0045618 
           0.1600000          -0.0053300 
           0.1800000          -0.0071459 
           0.2000000          -0.0080979 
           0.2200000          -0.0054587 
           0.2400000          -0.0059328 
           0.2600000          -0.0054146 
           0.2800000          -0.0043780 
           0.3000000          -0.0045287 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
         9         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0010553 
           0.0200000           0.0010553 
           0.0400000           0.0021106 
           0.0600000           0.0031659 
           0.0800000           0.0042212 
           0.1000000           0.0052005 
           0.1200000           0.0049641 
           0.1400000           0.0052385 
           0.1600000           0.0061207 
           0.1800000           0.0082060 
           0.2000000           0.0092993 
           0.2200000           0.0062685 
           0.2400000           0.0068130 
           0.2600000           0.0062178 
           0.2800000           0.0050274 
           0.3000000           0.0052005 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        10         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0010553 
           0.0200000          -0.0010553 
           0.0400000          -0.0021106 
           0.0600000          -0.0031659 
           0.0800000          -0.0042212 
           0.1000000          -0.0052005 
           0.1200000          -0.0049641 
           0.1400000          -0.0052385 
           0.1600000          -0.0061207 
           0.1800000          -0.0082060 
           0.2000000          -0.0092993 
           0.2200000          -0.0062685 
           0.2400000          -0.0068130 
           0.2600000          -0.0062178 
           0.2800000          -0.0050274 
           0.3000000          -0.0052005 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        11         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0010936 
           0.0200000           0.0010936 
           0.0400000           0.0021873 
           0.0600000           0.0032809 
           0.0800000           0.0043745 
           0.1000000           0.0053894 
           0.1200000           0.0051444 
           0.1400000           0.0054288 
           0.1600000           0.0063431 
           0.1800000           0.0085041 
           0.2000000           0.0096371 
           0.2200000           0.0064962 
           0.2400000           0.0070605 
           0.2600000           0.0064437 
           0.2800000           0.0052101 
           0.3000000           0.0053894 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        12         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0010936 
           0.0200000          -0.0010936 
           0.0400000          -0.0021873 
           0.0600000          -0.0032809 
           0.0800000          -0.0043745 
           0.1000000          -0.0053894 
           0.1200000          -0.0051444 
           0.1400000          -0.0054288 
           0.1600000          -0.0063431 
           0.1800000          -0.0085041 
           0.2000000          -0.0096371 
           0.2200000          -0.0064962 
           0.2400000          -0.0070605 
           0.2600000          -0.0064437 
           0.2800000          -0.0052101 
           0.3000000          -0.0053894 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        13         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0011311 
           0.0200000           0.0011311 
           0.0400000           0.0022622 
           0.0600000           0.0033932 
           0.0800000           0.0045243 
           0.1000000           0.0055739 
           0.1200000           0.0053206 
           0.1400000           0.0056147 
           0.1600000           0.0065602 
           0.1800000           0.0087953 
           0.2000000           0.0099670 
           0.2200000           0.0067186 
           0.2400000           0.0073022 
           0.2600000           0.0066643 
           0.2800000           0.0053884 
           0.3000000           0.0055739 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        14         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0011311 
           0.0200000          -0.0011311 
           0.0400000          -0.0022622 
           0.0600000          -0.0033932 
           0.0800000          -0.0045243 
           0.1000000          -0.0055739 
           0.1200000          -0.0053206 
           0.1400000          -0.0056147 
           0.1600000          -0.0065602 
           0.1800000          -0.0087953 
           0.2000000          -0.0099670 
           0.2200000          -0.0067186 
           0.2400000          -0.0073022 
           0.2600000          -0.0066643 
           0.2800000          -0.0053884 
           0.3000000          -0.0055739 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        15         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0012111 
           0.0200000           0.0012111 
           0.0400000           0.0024221 
           0.0600000           0.0036332 
           0.0800000           0.0048442 
           0.1000000           0.0059681 
           0.1200000           0.0056968 
           0.1400000           0.0060117 
           0.1600000           0.0070241 
           0.1800000           0.0094172 
           0.2000000           0.0106718 
           0.2200000           0.0071937 
           0.2400000           0.0078186 
           0.2600000           0.0071356 
           0.2800000           0.0057695 
           0.3000000           0.0059681 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        16         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0012111 
           0.0200000          -0.0012111 
           0.0400000          -0.0024221 
           0.0600000          -0.0036332 
           0.0800000          -0.0048442 
           0.1000000          -0.0059681 
           0.1200000          -0.0056968 
           0.1400000          -0.0060117 
           0.1600000          -0.0070241 
           0.1800000          -0.0094172 
           0.2000000          -0.0106718 
           0.2200000          -0.0071937 
           0.2400000          -0.0078186 
           0.2600000          -0.0071356 
           0.2800000          -0.0057695 
           0.3000000          -0.0059681 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        17         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000           0.0010725 
           0.0200000           0.0010725 
           0.0400000           0.0021450 
           0.0600000           0.0032176 
           0.0800000           0.0042901 
           0.1000000           0.0052854 
           0.1200000           0.0050451 
           0.1400000           0.0053240 
           0.1600000           0.0062206 
           0.1800000           0.0083399 
           0.2000000           0.0094511 
           0.2200000           0.0063708 
           0.2400000           0.0069242 
           0.2600000           0.0063193 
           0.2800000           0.0051095 
           0.3000000           0.0052854 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        18         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000          -0.0010725 
           0.0200000          -0.0010725 
           0.0400000          -0.0021450 
           0.0600000          -0.0032176 
           0.0800000          -0.0042901 
           0.1000000          -0.0052854 
           0.1200000          -0.0050451 
           0.1400000          -0.0053240 
           0.1600000          -0.0062206 
           0.1800000          -0.0083399 
           0.2000000          -0.0094511 
           0.2200000          -0.0063708 
           0.2400000          -0.0069242 
           0.2600000          -0.0063193 
           0.2800000          -0.0051095 
           0.3000000          -0.0052854 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        19         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      7.3584600e-004 
           0.0200000      7.3584600e-004 
           0.0400000           0.0014717 
           0.0600000           0.0022075 
           0.0800000           0.0029434 
           0.1000000           0.0036262 
           0.1200000           0.0034614 
           0.1400000           0.0036527 
           0.1600000           0.0042679 
           0.1800000           0.0057219 
           0.2000000           0.0064843 
           0.2200000           0.0043709 
           0.2400000           0.0047506 
           0.2600000           0.0043356 
           0.2800000           0.0035056 
           0.3000000           0.0036262 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        20         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -7.3584600e-004 
           0.0200000     -7.3584600e-004 
           0.0400000          -0.0014717 
           0.0600000          -0.0022075 
           0.0800000          -0.0029434 
           0.1000000          -0.0036262 
           0.1200000          -0.0034614 
           0.1400000          -0.0036527 
           0.1600000          -0.0042679 
           0.1800000          -0.0057219 
           0.2000000          -0.0064843 
           0.2200000          -0.0043709 
           0.2400000          -0.0047506 
           0.2600000          -0.0043356 
           0.2800000          -0.0035056 
           0.3000000          -0.0036262 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        21         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      4.6434099e-004 
           0.0200000      4.6434099e-004 
           0.0400000      9.2868198e-004 
           0.0600000           0.0013930 
           0.0800000           0.0018574 
           0.1000000           0.0022883 
           0.1200000           0.0021843 
           0.1400000           0.0023050 
           0.1600000           0.0026932 
           0.1800000           0.0036107 
           0.2000000           0.0040918 
           0.2200000           0.0027582 
           0.2400000           0.0029978 
           0.2600000           0.0027359 
           0.2800000           0.0022121 
           0.3000000           0.0022883 
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*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        22         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -4.6434099e-004 
           0.0200000     -4.6434099e-004 
           0.0400000     -9.2868198e-004 
           0.0600000          -0.0013930 
           0.0800000          -0.0018574 
           0.1000000          -0.0022883 
           0.1200000          -0.0021843 
           0.1400000          -0.0023050 
           0.1600000          -0.0026932 
           0.1800000          -0.0036107 
           0.2000000          -0.0040918 
           0.2200000          -0.0027582 
           0.2400000          -0.0029978 
           0.2600000          -0.0027359 
           0.2800000          -0.0022121 
           0.3000000          -0.0022883 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        23         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000      3.0999799e-004 
           0.0200000      3.0999799e-004 
           0.0400000      6.1999698e-004 
           0.0600000      9.2999497e-004 
           0.0800000           0.0012400 
           0.1000000           0.0015277 
           0.1200000           0.0014582 
           0.1400000           0.0015388 
           0.1600000           0.0017980 
           0.1800000           0.0024105 
           0.2000000           0.0027317 
           0.2200000           0.0018414 
           0.2400000           0.0020013 
           0.2600000           0.0018265 
           0.2800000           0.0014768 
           0.3000000           0.0015277 
*DEFINE_CURVE 
$#    lcid      sidr       sfa       sfo      offa      offo    dattyp 
        24         0     0.000     0.000     0.000     0.000         0 
$#                a1                  o1 
               0.000               0.000 
           0.0100000     -3.0999799e-004 
           0.0200000     -3.0999799e-004 
           0.0400000     -6.1999698e-004 
           0.0600000     -9.2999497e-004 
           0.0800000          -0.0012400 
           0.1000000          -0.0015277 
           0.1200000          -0.0014582 
           0.1400000          -0.0015388 
           0.1600000          -0.0017980 
           0.1800000          -0.0024105 
           0.2000000          -0.0027317 
           0.2200000          -0.0018414 
           0.2400000          -0.0020013 
           0.2600000          -0.0018265 
           0.2800000          -0.0014768 
           0.3000000          -0.0015277 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         1     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         1         4         5         7         8         9        10         0 
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*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         2     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         1         4         5         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         3     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         7         8         9        10         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         4     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         7         0         0         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         5     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
         8         9         0         0         0         0         0         0 
*SET_PART_LIST 
$#     sid       da1       da2       da3       da4 
         6     0.000     0.000     0.000     0.000 
$#    pid1      pid2      pid3      pid4      pid5      pid6      pid7      pid8 
        10         0         0         0         0         0         0         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         4         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         5         0 
*ALE_MULTI-MATERIAL_GROUP 
$#     sid    idtype 
         6         0 
*CONSTRAINED_LAGRANGE_IN_SOLID 
$#   slave    master     sstyp     mstyp     nquad     ctype     direc     mcoup 
         2         3         0         0         0         4         1         0 
$#   start       end      pfac      fric    frcmin      norm   normtyp      damp 
     0.0001.0000E+10  0.100000     0.000  0.100000         0         0         0 
$#      cq      hmin      hmax     ileak     pleak   lcidpor     nvent  blockage 
     0.000     0.000     0.000         2  0.010000         0         0         0 
$#  iboxid   ipenchk   intforc   ialesof    lagmul    pfacmm      thkf 
         0         0         0         0     0.000         0     0.000 
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