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Abstract

Urinary catheters, including the widely used Foley catheter, are essential for managing urine
retention. However, they can lead to complications such as infections, primarily due to their
design employing an inflated balloon. A promising solution consists of removing the balloon
and engineering a coating that retains the catheter in place. This study investigates the
urethra’s anatomical characteristics and mechanical properties, intending to lay the ground-
work for advanced catheter coatings. Extensive literature review and ex-vivo experiments
using porcine urethra samples were conducted. Replicas of the urethral lumen were created
using polydimethylsiloxane (PDMS) and analyzed through 3D scanning. This confirmed
the irregular and non-circular nature of the luminal surface in the porcine urethra, as well
as the anatomical structural distinctions between the two genders. Mechanical properties of
different urethral sections were assessed using a Low Load Compression Testing (LLCT)
machine, with a specific emphasis on stiffness and percentage of relaxation values. The
mean stiffness remained consistent across all regions and between genders. Conversely,
notable differences were observed in the relaxation percentage between the aforementioned
independent variables. The primary aim of this research is to to provide a comprehensive
understanding of the male and female porcine urethra. The expected outcome of this study
is to contribute towards the development of safer and more effective urinary catheter designs,
thereby minimizing complications and maximizing patient well-being.

Key words: urethra, lumen, urinary catheters, coating, anatomical characteristics, mechanical
properties, Young’s modulus, relaxation percentage.
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1 Introduction

Urinary catheters have been widely utilized for centuries as essential medical devices for
managing long-term urine retention, with the Foley catheter being one of the most commonly
employed types (Zhu et al., 2018). The design of this indwelling catheter incorporates a
balloon that is inflated post-insertion, effectively preventing the catheter from slipping out
(Medline Plus, 2019). However, this arrangement often gives rise to well-known complica-
tions, including catheter-associated urinary tract infection (CAUTI), catheter-associated
urethral injury (CAUI), catheter obstruction, and bladder mucosa irritation (Jeffery &
Mundy, 2020). Among various potential solutions to mitigate these commonly encountered
issues, include removal of the balloon and modification of the catheter surface with the use
of a designed coating. (Majeed et al., 2019).

When developing such coatings, it is crucial to consider the properties and characteristics
of both the biomaterial and the organs in direct contact with it. These coatings should
possess anti-bacterial and anti-fouling properties to deter bacterial attachment and biofilm
formation (Chadha et al., 2023). Additionally, they should effectively prevent catheter
slippage without relying on a balloon mechanism.

This report presents a comprehensive analysis of the anatomical properties and mechanical
characteristics of the urethra, based on extensive research and literature review. The study
examines the forces between the urinary catheter and the urethral epithelial layer, as well
as the stiffness of the biological tissue. Moreover, ex-vivo experimental research on male
and female porcine urethra was conducted to supplement and compare the findings from
the literature review, aiming to fill gaps in the understanding of the mechanical character-
istics of the urethra. The ultimate objective of this study is to provide a comprehensive
understanding of the male and female porcine urethra, which will serve as a foundation for
future advancements in urinary catheter coatings. By bridging the knowledge gap regarding
the urethra, this research aims to contribute to the development of safer and more effective
catheter materials. Ultimately, these advancements will enhance patient care by reducing
complications associated with long-term catheter use.
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2 Literature review

2.1 The Urethra: a brief review

The urethra serves as the ultimate channel for the outflow of urine as the distal portion of
the urinary system. In males, it performs a dual role by transporting not only urine but also
semen. Its length stretches from the base of the urinary bladder to the external urethral
opening (Marieb & Hoehn, 2019, p. 1036). Due to the anatomical variations between males
and females, the male and female urethras exhibit distinct features.

In terms of its macroscopic anatomy, the most notable distinction is the size of the urethra.
The male urethra measures approximately 18 cm to 20 cm in length and 8mm to 9mm
in diameter, while the female urethra is only about 3 cm to 4 cm long and 6 mm in
diameter (Abelson et al., 2018). Depending on the anatomical landmarks used, the male
urethra can be classified into three segments: prostatic, membranous, and penile/spongy.
The penile/spongy portion is further divided into three subdivisions, including the bulbous
urethra, the pendulous urethra, and fossa navicularis (Reuter & Hikmat Al-Ahmadie, 2020).
Identifying analogous landmarks on the female urethra is challenging, which makes precise
classification difficult. However, the proximal portion can tentatively be defined as extending
from the bladder to mid urethra, while the distal portion spans the area between the clitoris
and vagina. Another distinguishing feature is the presence of paraurethral glands, such as
the Skene glands in females and the Littre glands in males (Raspollini et al., 2019; Reuter &
Hikmat Al-Ahmadie, 2020). Furthermore, the male urethra features a bulbourethral gland
known as the Cowper’s gland. Figure 1 and Figure 2 present visual illustrations depicting
the anatomical division of the male and female urethra, respectively.

Figure 1: Schematic of male urethra anatomical division, together with the type of epithelium
characteristic for each region

Microscopically, the lining of the urethra differs based on its position along the tube’s
length. In males, the urothelium typically lines the prostatic urethra, while the membranous
portion and the majority of the penile urethra are lined with pseudostratified columnar
epithelium. The fossa navicularis and the external urethral orifice, on the other hand, are
usually lined with nonkeratinized stratified squamous epithelium. In females, the lining of
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the urethra’s proximal third is typically urothelium, which transitions to nonkeratinized
stratified squamous epithelium distally (Reuter & Hikmat Al-Ahmadie, 2020).

Figure 2: Schematic of female urethra anatomical division, together with the type of
epithelium characteristic for each region

Based on the findings, it can be inferred that the urethral lining comprises three primary
types of epithelium: urothelium, pseudostratified columnar epithelium, and nonkeratinized
stratified squamous epithelium. Kierszenbaum et al. (2016) provides a comprehensive de-
scription of each epithelial type along with their respective characteristics. In humans,
the urothelium is characterized as a pseudostratified epithelium. Notably, the urothelium
exhibits a transitional configuration in response to the distension and contraction forces
caused by urine, as described by Kierszenbaum et al. (2016). The pseudostratified epithe-
lium is predominantly found in the epididymis, where it comprises two primary cell types:
columnar cells and basal cells. The nonkeratinizing stratified squamous epithelium, also
known as stratified squamous epithelium with moderate keratin, consists of distinct cell
layers. Basal cells are specialized for mitotic division, while stratified cells cover the basal
layer and undergo differentiation. Outer layer cells are highly differentiated and increase
their keratin content, providing protection against the mechanical impact of urine on the
tissue.

Additionally, a microscopic examination of the urethra’s transverse section reveals the
distinct and non-circular shape of the urinary fibromuscular tube. Pullan et al. (1982)
conducted an extensive study to investigate the complex luminal shape of the urethra,
one of its key characteristics. The objective of the study was to establish a relationship
between the structure and function of the urethra. Various transverse sectional shapes of the
urethra during relaxation and micturition were showcased, employing a radiological method.
The findings emphasized the noticeable irregularities on the luminal side of the urethra,
while also connecting them to the elasticity of the urethral wall. In their publication, Ishii
et al. (2014) presented a methodology for constructing a three-dimensional model of the
prostatic urethra using a cystourethroscope as a scanning tool. The panoramic images used
in the model were obtained from clinical videos captured by a flexible video endoscope.
This approach provided compelling visual evidence of the irregularities present on the lu-
minal surface of the urethra, further confirming the observations made by Pullan et al. (1982).
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The study’s focus on the urethral lumen necessitates a cross-sectional view to provide
a comprehensive depiction of the three primary layers encompassing it (inner to outer):
epithelial, submucosal, and muscular. In males, the muscular layer consists mainly of smooth
muscle cells, while the striated component forms the external urethral sphincter, which
is responsible for active continence. The extracellular matrix (ECM) structure present in
each cell layer is intricate and comprises collagen I and III, glycosaminoglycans (GAGs),
and elastin (Abbas et al., 2019). The mechanical properties of elastic tissues rely on the
collective presence of collagen and elastin as fibrous components. Collagen fibers provide
strength and structural support to the tissue, while elastin plays a crucial role in con-
ferring elasticity (Coenen et al., 2018). Apart from maintaining cellular homeostasis, the
ECM is vital in determining urethra’s mechanical elastance (reciprocal of compliance), en-
abling it to expand or stretch in response to changes in urethral pressure (Thind et al., 1991).

Figure 3: Schematic of transverse section of urethra containing the types of layers that
comprise it; epithelium is present at the inner/luminal side of the urethra.

Within the female urethra, the muscular layer comprises both urethral smooth muscle and
striated muscle. The former is composed of an inner and outer layer, with the inner layer
consisting of lengthwise arranged smooth muscle fibers surrounding the urethral lumen,
see Figure 3 (Mistry et al., 2019). This layer’s elasticity results in the longitudinal smooth
muscle bundle expanding, narrowing the urethral lumen and increasing urination resistance.
The outer layer is made up of circular smooth muscle fibers that are fatigue-resistant and
slow-contracting (Yang et al., 2023). The female urethral wall, like its male counterpart, is
predominantly rich in proteins such as collagen and elastin. Additionally, the elasticity of
the urethral wall plays a critical role in determining the flow resistance when the surface of
the urethral lumen is covered with mucus. The greater the elasticity of the urethral wall,
the higher the flow resistance will be (Zinner et al., 1983).

The submucosal layer of the urethra is rich in blood vessels that supply the mucous mem-
brane with blood (Figure 4). This results in cell proliferation, thickening of the mucous
membrane, increased mucus secretion and improved sealing performance of the urethral
lumen (Mistry et al., 2019). Low estrogen levels can cause insufficient mucosal blood supply
that will ultimately result in urinary incontinence (Yang et al., 2023).
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Figure 4: Schematic of cross-section of urethra

The urethral mucosa, which forms the innermost layer, serves as a sealing barrier for the
urethral lumen. This function is assisted by the production of mucus-like secretions from
the mucosa, which is supported by the submucosal blood vessels (Yang et al., 2023).

2.2 Background of urethral mechanical properties

The assessment of mechanical properties plays a crucial role in predicting how tissues
will perform when subjected to different types of deformational forces, such as tensile,
compression, flexural, and torsional forces (Shrivastava, 2018). This holds particularly
true when it comes to the implantation or insertion of a urinary catheter. Cunnane et
al. (2021) establishes a clear connection between the mechanical properties of the urethra
and the specific composition of its tissue, highlighting the crucial role played by elastin
and collagen fibers. Moreover, the study finds that this relationship mirrors that of other
tubular soft biological tissues, such as arteries. Hence, it is imperative to possess a thorough
comprehension of the mechanical characteristics of the urethral tissue when developing an
efficient urinary catheter.
This section explores the key mechanical properties relevant for understanding the final
outcomes of the experimental research. Primarily, this part provides a concise overview
of the forces exerted on the urethra during the process of inserting a urinary catheter, as
well as the forces acting on it after placement. Subsequently, the study emphasizes the
significance of urethral tissue stiffness as a central focal point, while briefly introducing the
concept of the stress relaxation modulus.

2.2.1 Mechanical interactions during catheterization

In the realm of urinary catheterization, the direct interaction between urinary catheters
and the luminal surface of the urethra necessitates a comprehensive recognition and un-
derstanding of the forces at play. This understanding is crucial for the design of urinary
catheters that are both efficient and appropriate. When examining the forces exerted on
the urethra within the context of urinary catheterization, two specific scenarios warrant
discussion. Firstly, the forces encountered during the insertion of the urinary catheter, and
secondly, the forces experienced by the urethra once the catheter has been successfully placed.
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No existing studies have been identified that address this specific issue. However, a relevant
study conducted by Wagner et al. (2021) focuses on the tribological aspects and stenting
process of blood vessels. In terms of force dynamics, the insertion of a urinary catheter
along the urethra bears resemblance to the placement of a stent within a blood vessel. The
interaction between the stent and the vessel layer shares similarities with the interaction
between a urinary catheter and the urethral layer in the static state after catheterization.
While the analysis of vessel catheter insertion is inherently dynamic, it can be regarded
as comparable to the process of inserting a urinary catheter through the urethra during
catheterization. Additionally, in a study conducted by Cunnane et al. (2021), it was dis-
covered that the correlation between the composition of urethral tissue and its mechanical
properties closely resembles that of other soft biological tissues with tubular structures, such
as arteries. Therefore, the study by Wagner et al. (2021) can serve as a basis for comparing
and analyzing these forces. Consequently, a comprehensive examination of the tribology
involved in the process of catheterization is subsequently provided, with the aforementioned
article serving as the primary source of information.

In the first scenario, when the urinary catheter is securely in place after catheterization,
several key forces act upon the urethra, as revealed by the free body diagram in Figure
5. These forces include the normal force FN , friction force FF , and hemodynamic force
FH . The normal force FN arises from the contact pressure between the urethral wall and
the catheter tube. It is a contact force exerted by the urethral wall onto the catheter tube.
The friction force FF emerges as a consequence of the interaction between the normal force
and the urine flow. It is influenced by the static friction coefficient µS and plays a critical
role in maintaining the position of the catheter by counteracting the hemodynamic force
FH . The hemodynamic force FH , on the other hand, is generated by the flow of urine. It is
the driving force behind the urine flow and contributes to the overall forces acting on the
urethra. It is important to note that the hemodynamic force is time-dependent as it varies
with the duration of micturition.

Figure 5: Schematic drawing of urinary catheter placed inside the urethra. a) Forces acting
on the catheter. Between the lumen of the urethra and the catheter, normal force FN gives
rise to friction force FF , which acts against the hemodynamic force FH . b) Detailed view of
the interaction between the catheter and the endothelial layer. Normal pressure σN of this
interaction results in normal force FN and friction force FF .

The second scenario involves the insertion of a urinary catheter, which is a more intricate
process. The schematic of this scenario can be visualized in Figure 6. During insertion,
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the catheter moves at a certain speed v through the urethral passage. There are several
forces at play in this situation. Firstly, there is a normal force FN exerted at the contact
area Acontact between the catheter and the inner surface of the urethra, resulting from the
pressure applied by the vessel wall. Consequently, friction force FF is present. In addition
to these forces, there is the manual force FManual exerted by the person performing the
catheter insertion, which can be determined from the parallelogram formed by the normal
and friction forces (Figure 6 b)). A closer look of the contact area between the catheter
and luminal wall, displays the normal pressure σN between endothelial cells and catheter
under tangential speed vt(Figure 6 b)). One crucial factor that affects the friction force
and, thus, the resistance experienced, is lubrication. Higher resistance in the urethra can
potentially cause damage to the endothelium. Therefore, reducing resistance can minimize
the risk of tissue damage. This can be achieved by lubricating or coating the medical device
before insertion.Furthermore, the lumen naturally provides lubrication through the secretion
of mucus by the submucosa. A better comprehension of the tribology (study of friction,
lubrication, and wear) of the urethra can be attained by modeling the interaction between
the catheter and the tissue at the contact area.

Figure 6: Schematic cross-section view of the catheterization process (during insertion). a)
Catheter moving with speed v until initial contact. Further movement of catheter marked
by dotted outline. Contact at contact area Acontact causing friction. Fmanual represents the
insertion force applied during the process of catheterization, and it can be determined from
the parellelogram of forces FF and FN . b) Detailed view of the interaction between the
catheter and the endothelial layer with normal pressure σN under tangential speed vt.

2.2.2 Stiffness of biological tissue

Stiffness, within the realm of biology, encompasses the mechanical properties of biological
substrates (Handorf et al., 2015). It can be understood as the Elastic modulus, specifically
Young’s modulus, which characterizes the resistance to deformation (Wells, 2013). It serves
as an indicator of whether a material is rigid (hard) or compliant (soft) (Handorf et al., 2015).
Young’s modulus is determined by dividing the magnitude of stress by the induced strain
resulting from the stress. Figure 7 demonstrates the stress-strain curve, from which the slope
of the elastic region is extracted to ascertain the Young’s modulus of a particular material.
A steeper slope indicates greater stiffness, while a shallower slope indicates lower stiffness.
Stress refers to the force applied per unit area, while strain refers to the deformation, which
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can manifest as normal (compression or tension) or shear. The concept of Young’s elastic
modulus E relates to a material’s ability to resist compressive or elongating forces and is
measured in units of Pascal (Pa) (Wells, 2013). When stress is applied up to the yield point,
the material behaves elastically, signifying that it will return to its original form and size
once stopped from appling the force. However, if the yield point is surpassed, the material
undergoes permanent deformation after continuous stress (Thomas, n.d.).

When examining biological tissue, it is essential to consider its specific properties as they
significantly influence the values of stress and strain. One such property is anisotropy, which
stands in contrast to isotropy where uniformity exists in all directions. Anisotropy, on the
other hand, is dependent on the direction of an applied force, thus introducing directional
dependence (Tonndorf et al., 2021). Another important property of biological tissues is
viscoelasticity, which indicates that they possess both viscous and elastic characteristics.
Unlike perfect elasticity, viscoelastic tissues exhibit a degree of viscosity, implying that their
deformation response to an applied force changes over time, resembling the behavior of
liquids (Wells, 2013). According to Huang et al. (2012), various soft tissue types exhibit
stiffness values ranging from 0.1 to 100kPa. This statement is assisted by a diagram
illustrating the relative stiffness of different tissues, categorizing brain tissue as having the
lowest stiffness value (<1kPa), while pre-calcified bone is depicted as having the highest
stiffness value.
In general, tissues with higher stiffness or elastic modulus, such as cartilage or bone, display
greater resistance to shape changes when subjected to physical forces. Conversely, softer
tissues like fat tissue, bone marrow, or the brain exhibit the opposite behavior (Handorf et
al., 2015).

Figure 7: Example of a simple stress-strain curve. Young’s modulus can be calculated by
dividing the stress by the strain.

While stiffness pertains to the initial resistance exhibited by a material against deformation,
stress relaxation characterizes the gradual relaxation of this resistance over time (Adebowale
et al., 2021). The relaxation modulus, specific to viscoelastic materials, quantifies this
behavior (Xu & Engquist, 2018). Additionally, substrate stress relaxation influences the
type and extent of adhesions formed between cells and the substrate, with the precise
relationship relying on the specific cell and substrate types involved (Adebowale et al., 2021).
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3 Materials and methods

This section provides a comprehensive description of the two ex-vivo experiments conducted
to address the study’s research questions. The experiments were carried out under the
supervision of professionals at the University Medical Center Groningen. Porcine biological
samples, both male and female, obtained from the supplier ’Kroon Vlees’ were utilized
exclusively for all ex-vivo experiments.

The first experiment focused on examining the luminal structure of the urethra by replicating
its nonuniformities using polydimethylsiloxane (PDMS). To analyze the resulting silicone
impressions, comprehensive 3D scans were performed. This allowed for an easier visualization
and future analysis of the luminal anatomy of the urethra. The second experiment aimed
to determine the Young’s modulus and relaxation time of three distinct cross-sections of
the urethra using a Low Load Compression Testing (LLCT) machine. This measurement
enabled the evaluation and comparison of the aforementioned mechanical properties along
different regions of the urethra.

3.1 Anatomical evaluation of the luminal space of the urethra

The objective of this experiment was to evaluate the luminal structure of the porcine urethra
by conducting a detailed analysis of silicone replicas created using PDMS. Through the
utilization of PDMS, the experiment aims to closely examine the anatomy and character-
istics of the urethral lumen. To perform the analysis, the silicone replicas obtained were
subjected to 3D scanning at the University Medical Center Groningen. The results are
presented in the form of the aforementioned modality, providing comprehensive insights
into the observed findings.

To obtain a detailed walkthrough of the ex-vivo experiment, readers can refer to the protocol
outlined in the Appendix A. This protocol provides a comprehensive, step-by-step explana-
tion of the experimental procedure. By following the instructions provided, researchers can
effectively replicate the experiment.

3.1.1 PDMS replicas

In this experiment, a total of six porcine urinary tracts were employed as biological samples,
consisting of three male and three female specimens. Among these, two samples were freshly
collected on the day of the experiment, while the remaining four were obtained several days
prior. Upon collection, the bladder and underlying fat tissue were removed from all samples.
The urethras were thoroughly cleaned and individually placed in separate cups containing
phosphate-buffered saline (PBS) solution for preservation. The cups containing non-fresh
samples were stored in a temperature-controlled room until they were utilized.

On the day of the experiment, the urethras were extracted from the preservation cups and
carefully positioned on a tray situated on the laboratory table. For each biological sample,
two distinct batches of silicone were prepared, with one batch stored in a cup and the other
in a separate tupperware container. Due to the relatively quick solidification time of the
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liquid silicone (approximately 20-30 minutes), both batches had to be prepared consecutively
and in a timely manner. In the initial step, the duplicating silicone was prepared in a plastic
cup with the intention of subsequent transfer into a syringe for injection into the lumen
of the urethra. To create the duplicating silicone, equal amounts of Catalyst A and Base
B solutions were mixed together. Specifically, 20 grams of each elastomer solution were
weighed, combined in the cup, and meticulously blended with the use of a spoon to achieve a
consistent and uniform distribution. Following this, the prepared silicone was allowed to rest
for a brief duration, while the second batch of silicone was concurrently prepared in a plastic
tupperware. In this instance, 80 grams of each elastomer solution were introduced into the
container and mixed thoroughly before being set aside. Furthermore, the silicone prepared
in the cup was carefully poured into a syringe, which was equipped with an additional
plastic tip to facilitate the injection of the PDMS into the lumen of the urethra. After
filling the syringe, the tip was cut to accommodate the experimental requirements, allowing
the silicone to pass through smoothly. The syringe was cautiously inserted into one of the
openings of the urethra, without introducing any silicone, until its tip nearly reached the
adjacent opening. After ensuring the desired positioning of the syringe within the lumen,
the PDMS solution was carefully injected. During the injection process, the syringe was
gradually withdrawn to ensure complete filling of the interior of the urethra. Following this,
the syringe was set aside and the urethra was immersed in the tupperware partially filled
with silicone solution, guaranteeing complete coverage of the urethral surface. Subsequently,
the tupperware was left undisturbed for approximately 30 minutes to enable solidification
of the silicone.

Once the silicone had completely hardened, it was removed from the container. Using
scissors, excess silicone was trimmed away to expose the section where the urethra was
situated. This was easily done since the upper part of the urethra was still partially visible.
Care was taken not to damage the tissue while extracting the silicone replica of the urethral
lumen. Once detached, the replica was disinfected using an ethanol solution to ensure its
suitability for future use. The same methodology was followed for each of the remaining
biological samples. This procedure yielded a total of six silicone imprints, representing the
luminal structure of both male and female porcine urethra.

3.1.2 3D scans

The silicone replicas underwent 3D scanning on 26 May 2023 at the Department of Dentistry
and Oral Hygiene at UMCG. A ’3Shape TRIOS 3’ scanner, commonly used in the field of
odontology, was employed for this purpose. To ensure effective scanning, it was necessary
to keep the samples stationary while the scanning operator gradually moved along the
length of the silicone replicas. To achieve this, the samples were securely attached to one
end of a metal bar using glue and allowed to hang freely, as depicted in Figure 8. The top
screw, passing through the bar, enabled movement of the samples in the frontal/coronal
plane. Adjusting the distance between the bar and the surface on which the samples were
positioned allowed the other end of the silicone replica to lightly touch the surface. This
arrangement ensured that the samples remained immobilized during the scanning process.
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Figure 8: Setup for fixating the silicone replicas before 3D scanning.

The scanning process was initiated by activating the scanner and starting at one end of the
sample, gradually moving along its length. Furthermore, the scanner was moved around the
sample at a slow pace. This procedure resulted in the generation of a 3D scan of the sample,
which was displayed on the connected computer and saved as an STL file. Each of the
silicone replicas underwent the same process sequentially. To visualize the files, they were
opened in the 3D viewer application. However, alternative application options are readily
available as well. This enabled examination of the scanned object from various perspectives.
In addition to rotational movements, the ability to zoom in was also accessible, providing
detailed views of the scanned objects.

3.2 Investigation of mechanical properties of the luminal space of
the urethra

The primary focus of this ex-vivo experiment was to investigate Young’s modulus values of
different segments within the urethra, as well as measure the percentage of relaxation time.
These measurements were conducted using an LLCT machine. Following data processing,
only the essential values were selected for further analysis. Considering the obtained final
measurements, a two-way analysis of variance (ANOVA) test was conducted. The resulting
values were then presented graphically to enhance comprehension and facilitate comparisons.

To obtain a detailed walkthrough of the ex-vivo experiment, readers can refer to the
protocol outlined in the Appendix B. This protocol provides a comprehensive, step-by-
step explanation of the experimental procedure. By following the instructions provided,
researchers can effectively replicate the experiment.

3.2.1 Low Load Compression Testing

In order to ensure the integrity of the biological samples, fresh male and female porcine
samples were collected each morning of the experiment. In total, six porcine urinary tracts
were utilized, comprising three male and three female specimens. After collection, the
urethras were meticulously separated from the urinary bladder, and any excess fat tissue
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was subsequently removed.

To facilitate analysis, the samples were cut into smaller cross-sectional pieces, approximately
1 centimeter thick, to ensure compatibility with the LLCT machine. From each male and
female sample, three cross-sections were chosen for further investigation. These cross-sections
were specifically obtained from three distinct locations: near the external opening, in the
middle of the urethra, and close to the bladder opening. To enhance the ease of analysis,
the lumen of the urethra was given a more circular shape. This was achieved by inserting a
plastic pipette tip into the lumen after carefully cutting it to reach the perfect size. This
process aimed to open up the lumen without causing any stretching. Once this procedure
was completed, the prepared sample was placed on a microscope slide and positioned inside
the LLCT machine. Additionally, a suitable plunger was selected and attached to the LLCT.
The plunger size was specifically chosen to be 1 millimeter, taking into account the thickness
of the urethral wall cross-section.

The measurements were taken at three different regions within each cross section/biological
replicate. Each region consisted of three sections defined as "superficial", "intermediate",
and "deep", relative to their proximity to the lumen opening, providing a comprehensive
analysis of the sample (Figure 9)).

Figure 9: Schematic of section measurements at each region inside the cross-section of the
porcine urethra samples.

Once the sample was positioned within the LLCT machine, the ‘LLCT 2019 software’ was
accessed from the connected computer. The necessary parameters for analysis, such as
sample type and plunger size, were selected, and the program was initiated. To begin, the
support surface needed to be detected. The plunger was adjusted to be positioned above
the microscope slide rather than the sample. The computer provided commands to modify
the distance of the plunger from the surface, gradually approaching it as closely as possible
without touching the glass. Once this adjustment was complete, the plunger automatically
retracted upwards. For the subsequent step, the sample was placed beneath the plunger
at the desired measurement point. The distance was again adjusted following the same
procedure, ensuring proper alignment for analysis.
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The waiting time for each measurement was displayed on the computer interface. Once the
measurement was completed, saving the data was done by pressing ’Ok’. This process was
repeated for each section within every region of the sample. It is important to note that
localizing the support surface was necessary before every measurement. As a result, there
were 9 measurements per biological replicate, totaling 27 measurements per urethra.

Following the practical phase of the experiment, data processing was carried out using the
’LLCT_Folder20022b Variable Plunger’ program. The plunger size, in this case, was selected
as 1 millimeter. The program converted the collected data into separate Excel sheets for
each measurement, providing comprehensive data for further analysis and interpretation.

To streamline and condense the analysis of the final results, six customized tables were
generated, corresponding to each urethra. These tables exclusively contained the pertinent
data from each examined section that was crucial for achieving the experiment’s objectives,
such as relaxation percentage, stiffness values, tau, and relative importance. Furthermore,
additional tables were created to present the average and standard deviation of the Young’s
modulus and of the relaxation percentage for each section of every biological replicate. This
approach facilitated the plotting and comparison of values among the replicates, simplifying
the analysis process. The final data utilized for additional statistical analysis is represented
by these two tables (Appendix C).

3.2.2 Statistical analysis

After analyzing the data displayed in the two Excel tables, which include information on
stiffness and relaxation percentage, the decision was made to conduct a two-way analysis
of variance (ANOVA) test for each of the mechanical properties. As a consequence, this
resulted in two individual two-way ANOVA tests that were performed separately using
’GraphPad Prism’.

The ANOVA test aims to assess the influence of two independent variables on a dependent
variable (Hayes, 2021). Initially, the test was performed for stiffness. In this particular case,
the independent variables are the regions of the urethra and the gender of the porcine
samples, while the dependent variable is the stiffness of the urethra. The independent
variable "regions" consists of three levels, namely superficial, intermediate, and deep, while
the independent variable "gender" comprises two levels, male and female. Performing a
two-way ANOVA allows for the assessment of the main effects of each independent variable
(regions and gender), as well as the interaction effect between them. The main effects will
determine if there are significant variations in stiffness between the regions and between
male and female urethras. The interaction effect will indicate whether the influence of one
variable depends on the levels of the other variable.

During the process of conducting a two-way ANOVA, three hypotheses need to be evaluated
(MacKenzie, 2018). The initial two hypotheses aim to ascertain the influence of each factor on
the response variable, while the third hypothesis investigates the presence of any interaction
between the two factors. Thus, the three null hypotheses were set to be:
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• H0= The mean stiffness is the same across all regions (superficial, intermediate, and
deep).

• H0= The mean stiffness is the same for males and females.

• H0= The effect of region on stiffness is the same for males and females (i.e., there is
no interaction between region and gender).

Additionally, for the second mechanical property, the null hypotheses were set to be:

• H0= The mean percentage of relaxation is the same across all regions (superficial,
intermediate, and deep).

• H0= The mean percentage of relaxation is the same for males and females.

• H0= The effect of region on percentage of relaxation is the same for males and females
(i.e., there is no interaction between region and gender).

The alternative hypotheses for each of these tests would suggest that there is a significant
difference or interaction.

Finally, ‘GraphPad Prism’ was used to generate the final data required for interpretation.
The first step involved transferring and organizing the Excel values into appropriate tables
using a grouped table format. Subsequently, the significance level was set to 0.05. This
corresponds to a 5% chance of type 1 error. In order to reject the null hypothesis, the p-value
should be less than the significance level set. Consequently, this would mean that there is
indeed a significant difference present. Running the program generated a table presenting
specific data for the two-way ANOVA, including the percentage of total variation, the
p-value, and the significance level. This was done for both, the stiffness and the percentage
of relaxation. Lastly, the data was plotted as a confidence interval, which enabled the
visualization of the mean values and margins of error for the two mechanical properties
tested.
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4 Results

4.1 Anatomical evaluation of the urethral luminal space

For the anatomical evaluation of the urethral luminal space, six biological samples were
utilized, comprising three male and three female porcine urethras. As a result of the PDMS
ex-vivo experiment, six replicated silicone models were generated, and all of them sub-
sequently underwent 3D scanning. Figure10 and Figure 11 illustrate screenshots from a
representative scan derived from a male porcine sample, showcasing the distinct features of
the urethral anatomy. The upper portion of the scan corresponds to the external opening,
while the lower section represents the connection point with the bladder. Upon closer exam-
ination (Figure 12), evident irregularities within the urethral lumen become apparent. This
observation serves as clear evidence showcasing the distinctive attributes and non-circular
nature of the luminal surface in the porcine urethra.

Figure 10: Screenshot from 3D scan per-
formed on a silicone replica from a male
porcine biological sample (one side view).

Figure 11: Screenshot from 3D scan per-
formed on a silicone replica from a male
porcine biological sample (one side view).

Figure 12: Screenshot from a zoomed in view of 3D performed on a silicone replica from a
male porcine biological sample.

4.2 Mechanical properties of the urethral lumen

Two mechanical properties of the urethra were examined using LLCT measurements. The
study included six biological samples of porcine urethras, and cross-sections were obtained
from three distinct locations for further analysis. Within each cross-section, measurements
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were taken at three different regions, consisting of three sections representing varying dis-
tances from the lumen. This resulted in a total of nine measurements per cross-section. The
mean values and standard deviations were then tabulated in the final table (Appendix C).
Subsequently, the statistical software ’GraphPad Prism’ was utilized to conduct individual
two-way ANOVA tests for each property. Firstly, the stiffness of the urethra was measured,
and the resulting p-values are summarized in Table 1. For a visual representation, confidence
intervals were plotted for each gender and urethra section, facilitating a clear visualization
of the mean value and margin of error (see Figure 13). Following the same procedure, the
relaxation percentage over a duration of 100 seconds was also analyzed, with the summary
p-value provided in Table 2 and corresponding plots in Figure 14. For a comprehensive
depiction of the ANOVA findings, readers are encouraged to refer to Appendix D. for
detailed information.

Table 1: P-values for stiffness.

P value Summary
0.8774 not significant
0.8480 not significant
0.1900 not significant

Table 2: P-values relaxation percentage.

P value Summary
<0.0001 significant
<0.0001 significant
<0.0001 significant

Figure 13: Confidence intervals of stiff-
ness values for both genders at different
urethral regions.

Figure 14: Confidence intervals of relax-
ation percentages for both genders at dif-
ferent urethral regions.
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5 Discussion

The Discussion section serves as a critical component of this report, where the obtained
results are carefully examined and analyzed. Through an in-depth exploration of the find-
ings, this section aims to provide a comprehensive understanding of their implications
and significance. By comparing and contrasting the results with existing literature and
theoretical frameworks, we can gain valuable insights into the broader implications of the
study. Additionally, this section will address any limitations or discrepancies encountered
during the research process and propose potential directions for future investigations.

The initial research experiment aimed to address the main research question by examining
and evaluating the luminal structure of both male and female porcine urethras. This was
achieved by replicating the anatomical features of six biological samples using PDMS.
Subsequently, the PDMS replicas were subjected to 3D scanning, allowing for detailed
observation and assessment. The findings revealed several noteworthy observations regard-
ing the urethral lumen. Upon closer scrutiny, it becomes evident that the urethral lumen
exhibits noticeable irregularities. This finding serves as compelling evidence of the unique
characteristics and non-circular morphology of the luminal surface in porcine urethras.
Further observations were made regarding the dissimilarities between the male and female
porcine samples. Specifically, it was observed that the male samples were significantly longer
in comparison. Additionally, when examining transverse sections, notable distinctions were
found in the thickness of the male urethra, which exhibited more muscle tissue compared to
the female one. These findings validate the conclusions derived from the existing literature
review. Moreover, the 3D scans possess the potential for alternative measurements, such as
assessing the magnitude of deformations on the luminal surface of the urethra or conducting
more in depth observations. For a more detailed examination of the urethra, other analytical
methods could be implemented, especially if PDMS replication is not preferred. One sug-
gestion is the utilization of a cystourethroscope, as previously mentioned and documented
in the literature review section of the report. This approach would offer a closer and direct
visualization of the urethra, enabling a more thorough assessment.

The second experimental research aimed to measure Young’s modulus values in various
segments of the urethra, together with the percentage of relaxation time. Similar to the first
experiment, six biological samples of porcine urethra underwent testing, using an LLCT
machine. The principal statistical analysis employed was a two-way ANOVA test. Firstly, the
stiffness of the urethra was examined, where the null hypotheses failed to be rejected. This
indicates that no significant differences were found in the stiffness values between genders
and across different urethral regions. Surprisingly, this suggests that stiffness is mostly evenly
distributed along the length of the urethra and does not vary significantly between genders,
despite the male urethra having more muscle tissue. Regarding the findings for the second
dependent variable, the relaxation percentage, the null hypothesis was rejected. This implies
clear evidence of significant differences in relaxation percentage values between the two
independent variables. The analysis of the plotted confidence intervals reveals a significant
difference in values specifically observed in the external region of the male urethra. This
region demonstrates a notably lower relaxation percentage over the 100-second time frame,
with a small margin of error. This discrepancy could potentially be attributed to the tissue
structure present in this region, specifically the fibroelastic connective tissue. However, it is
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interesting to note that the external section of the female urethra exhibits a composition
similar to that of the male urethra. Consequently, if the aforementioned hypothesis holds
true, a larger discrepancy in the relaxation percentage of the female urethra in the external
region would have been expected as well.

The observations made from the final results could potentially be influenced by certain
limitations inherent in the study.One limitation of this study pertains to the relatively small
sample size of six biological samples. Although efforts were made to ensure the reliability of
the results, a larger sample size would have provided more robust and generalizable outcomes.

Furthermore, the non-uniform shape of the urethra posed challenges during measurements,
particularly when assessing the mechanical properties at the three distinct regions. Posi-
tioning the plunger visually may have resulted in imprecise discrimination between these
regions. In future research, employing a smaller plunger or employing alternative methods
at a smaller scale could enhance the accuracy of measuring the mechanical properties.
Consequently, a follow up limitation is the study solely relying on LLCT measurements
and 3D scanning for analysis. Alternative methods or additional imaging techniques could
provide complementary data to further enhance the accuracy and comprehensiveness of the
results.

On top of that, the study was constrained by time limitations, which restricted the investiga-
tion to only measuring and analyzing the stiffness and relaxation percentage as mechanical
properties. While these parameters offer valuable insights into urethral characteristics, they
do not capture the entirety of urethral function. Future studies could explore additional
mechanical properties or employ different measurement techniques to provide a more com-
prehensive understanding.

Another important limitation to consider, is the use of porcine urethras as biological sam-
ples. While they serve as a suitable model for studying urethral mechanics, it is crucial
to recognize that there may be implicit anatomical and physiological differences between
porcine and human urethras. Therefore, caution should be exercised when extrapolating
these findings directly to human populations.

Lastly, it is important to acknowledge that this study was conducted under specific exper-
imental conditions and limitations inherent to the chosen methodology. Factors such as
sample preparation, measurement techniques, and statistical analyses may introduce their
own sources of bias or error.
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6 Conclusion

In conclusion, the study’s findings indicate the presence of multiple deformations in the
anatomy of the luminal surface of porcine urethras. Furthermore, the differences between
male and female porcine samples were confirmed, particularly in terms of urethral length
and thickness. Regarding the mechanical properties, no significant differences were observed
in stiffness values. The mean stiffness remained consistent across all regions and between
genders. However, contrasting results were obtained for the relaxation percentage, where
significant differences were found between regions and genders. Having said that, it is crucial
to acknowledge that these results are subject to certain limitations.
Nonetheless, it is important to focus on the limited literature review concerning the tribol-
ogy of the urethra in order to address the need for further research. Exploring this field
would yield valuable insights into the mechanical interaction between the catheter and the
vulnerable organ (urethra), making it imperative to encourage progress in this specific area.

This conclusion was reached through a comprehensive research process that involved exten-
sive literature review and two ex-vivo experiments conducted on porcine biological samples.
Each experiment aimed to address a specific research question. The first experiment focused
on examining the anatomical characteristics of the luminal surface of the urethra using
PDMS replication and 3D scanning techniques.The second experiment aimed to investigate
the stiffness and relaxation percentage values of the urethra, considering different cross-
sections and distinct regions. These measurements were conducted using an LLCT machine,
and data analysis involved two-way ANOVA testing.

Overall, this study offers a comprehensive understanding of the male and female porcine
urethra, laying the groundwork for future advancements in urinary catheter coatings. The
research strives to contribute to the development of safer and more efficient catheter coatings,
with the ultimate goal of improving patient care by minimizing complications associated with
long-term catheterization. By leveraging these findings as a foundation, future endeavors have
the potential to advance the field and cultivate notable advancements in catheter technology.
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Appendix

Appendix A

Protocol for analyzing the anatomy of the lumen of porcine
urethra using duplicating silicone (PDMS)

The aim of this research is to assess the anatomy of the luminal space of the male and
female porcine urethra using duplicating silicone to replicate the nonuniformities of the
luminal side of the urethra.

Materials:

• Two porcine urinary tracts (one male and one female)

• PDMS/duplicating silicone solution (Catalyst A and Base B)

• Tweezers

• Scissors

• Scalpel

• Mixing spoon

• PBS solution

• Syringe

• Syringe tip

• Hard plastic tupperware

• Tray

• Weight

Methodology:

1. Collect the two porcine urinary tracts, one male and one female.

2. Separate the urethra from the urinary bladder and remove the underlying fat tissue
from both samples.

3. If preserved overtime, place each of the urethras in separate cups containing PBS
solution and deposit them in a cooler room.

4. Place the biological samples on a tray on the table.

5. Prepare two different batches of silicone, one in the cup, and one in the tupperware.
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6. In a cup mix the two parts of the silicone elastomer (Catalyst A and Base B) on a 1:1
scale. To measure the quantities, place the cup on a weight and measure around 20
grams of Catalyst A and 20 grams of Base B.

7. Use a mixing spoon to combine the two solutions and set aside.

8. In a tupperware mix the two parts of the silicone elastomer (Catalyst A and Base
B) on a 1:1 scale. To measure the quantities, place the tupperware on a weight and
measure around 80 grams of Catalyst A and 80 grams of Base B.

9. Use a mixing spoon to combine the two solutions and set aside.

10. Take the silicone prepared in the cup and pour it into the syringe with the syringe tip
attached to it.

11. When done pouring, use a cutting tool or scissors to cut the tip of the syringe.

12. Take one of the biological samples and inject its lumen with the liquid silicone solution.

13. Immediately after filling, place the biological sample in the tupperware full of liquid
silicone.

14. Make sure the sample is covered and wait 30 minutes for the silicone to solidify.

15. After the silicone has hardened, take it out of the tupperware.

16. Carefully remove the extra silicone surrounding the urethra.

17. Take out the urethra and remove the silicone impression of the lumen (Figure 15).

18. Repeat steps 5-17 for the second biological sample as well.

Figure 15: Example of a final result after conducting the PDMS ex-vivo experiment; view
of the silicone replica next to the biological sample used as reference.

26



Appendix B

Protocol for analyzing the Young’s modulus and relaxation time of
porcine urethra with the use of LLCT

The aim of this research is to assess the Young’s modulus (stiffness) and relaxation time
along different sections of the male and female porcine urethra using Low Load Compression
Testing (LLCT).

Materials:

• Two porcine urinary tracts (one male and one female)

• LLCT machine (with 1mm plunger)

• Tweezers

• Scissors

• Scalpel

• Microscope slide

• PBS solution

• Plastic pipette tip

Methodology:

1. Collect the two porcine urinary tracts, one male and one female.

2. Separate the urethra from the urinary bladder and remove the underlying fat tissue
from both samples.

3. Take one of the biological samples and cut a cross-section of approximately 0.5cm
close to the external opening of the urethra.

4. Repeat step 3 two more times. Once for a cross-section from the middle of the urethra
and once for a cross-section close to the bladder opening (Figure 17). Perform the
measurements for each section as presented in Figure 16

5. Hydrate the cross-sections with PBS solution.

6. Take one plastic pipette tip and cut it to match the size of the cross-sectioned samples
as much as possible.

7. Insert the pipette tip through the lumen of one of the cross-sections, with the end
facing up.
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8. Place the cross-section on a microscope slide and inside the LLCT machine (Figure
18).

9. Open LLCT2019 on the computer and adjust the settings to fit the tested material.

10. Find the glass surface: make sure the plunger is above the microscope slide and not
the biological sample. Adjust the distance of the plunger from the surface until the
plunger almost touches the microscope slide. Press ‘OK’.

11. When the machine has found the glass surface, the plunger will go up by itself.

12. Move the biological sample below the plunger at the desired location, and again adjust
the distance of the plunger until it almost touches the sample.

13. When done, the plunger will go up by itself.

14. Press ‘OK’ to save the data.

15. Repeat steps 10-14 for every location on the sample.

16. Repeat steps 6-14 for each cross-section.

17. Repeat steps 3-14 for the second biological sample (urethra) as well.

18. For data analysis: open LLCT F 1mm and select the file containing the data from the
above experiment.

19. The programme will convert the information into an Excel file and save it automatically.

Figure 16: Schematic representation of section measurements at each region inside the
cross-section of the urethra.
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Figure 17: Example of biological replicates from the three distinct locations of the male
urethra.

Figure 18: View of biological sample positioned into the LLCT machine before measurements.
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Appendix C

Stiffness and relaxation percentage data used for the two-way
ANOVA test

The two-way ANOVA test was performed in ’GraphPad Prism’ making use of the mean
values, standard deviation and number of samples for each independent variable (gender
and region). The tables made use of the following data presented in Figure 19 for stiffness
calculations, and in Figure 20 for relaxation percentage calculations.

Figure 19: Screenshot from ’GraphPad Prism’ with the data used to perform the two-way
ANOVA statistical analysis for stiffness

Figure 20: Screenshot from ’GraphPad Prism’ with the data used to perform the two-way
ANOVA statistical analysis for relaxation percentage
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Appendix D

Stiffness and relaxation percentage ANOVA tables generated by
’GraphPad Prism’

The two-way ANOVA test was performed in ’GraphPad Prism’ making use of the mean
values, standard deviation and number of samples for each independent variable (gender
and region). The two-way ANOVA tables generated as a result are presented as screenshots
in Figure 21 and Figure 22.

Figure 21: Screenshot from ’GraphPad Prism’ with the data generated after performing the
two-way ANOVA statistical analysis for stiffness

31



Figure 22: Screenshot from ’GraphPad Prism’ with the data generated after performing the
two-way ANOVA statistical analysis for relaxation percentage
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