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A B S T R A C T

The knowledge of the mechanical properties of the urinary bladder wall helps to explain its storage and
micturition functions in health and disease studies; however, these properties largely remain unknown,
especially with regard to its layer-specific characteristics and microstructure. Consequently, this study entails
the assessment of the layer-specific differences in the mechanical properties and microstructure of the bladder
wall, especially during loading. Accordingly, ninety-two (𝑛 = 92) samples of porcine urinary bladder walls
were mechanically and histologically analysed. Generally, the bladder wall and different tissue layers exhibit
a non-linear stress–stretch relationship. In this study, the load transfer mechanisms were not only associated
with the wavy structure of muscular and mucosal layers, but also with the entire bladder wall microstructure.
Contextually, an interplay between the mucosal and muscular layers could be identified. Therefore, depending
on the region and direction, the mucosal layer exhibited a stiffer mechanical response to equi-biaxial loading
than that offered by the muscular layer when deformed to stretch levels higher than 𝜆 = 1.6 to 𝜆 = 2.2.
For smaller stretches, the mucosal layer evinces no significant mechanical reaction, while the muscular layer
bears the load. Owing to the orientation of its muscle fibres, the muscular layer shows an increased degree of
anisotropy compared to the mucosal layer. Furthermore, the general incompressibility assumption is analysed
for different layers by measuring the change in thickness during loading, which indicated a small volume loss.
1. Introduction

The bladder’s functions include temporarily storing of urine at a
low-pressure level (passive phase), and control of micturition (active
phase). Thus, the urinary bladder (UB) is subject to enormous de-
formations. According to Vaughan and Satchell (1995), during the
passive phase, the internal pressure is nearly constant until maximum
capacity is reached. Remarkably, after micturition, the shape of the UB
completely returns to its reference state. This feature requires special
micromechanical load transfer mechanisms, and thus there exists a
special microstructure of the urinary bladder wall (UBW), consisting
of several layers (from the inside out), namely: Mucosal, muscular, and
serosal layers. For more details, see Section 2.1.

To better understand aforementioned load transfer mechanisms in-
side the UBW, mechanical experiments in combination with detailed
microstructural information on its main constituents, i.e., elastin, col-
lagen, and smooth muscle cells (SMC), as well as their distributions
are indispensable (Morales-Orcajo et al., 2018). In addition, such in-
formation is of high significance as input data for three-dimensional
continuum mechanics-based models (Seydewitz et al., 2017).

∗ Corresponding author.

The most common experiment on the UB to investigate its mechan-
ical functions entails the observation of the entire organ during filling
and micturition. This urodynamic, non-invasive in vivo testing tech-
nique, known as cystometry, is preferred in clinical practise (van Mas-
trigt et al., 1981; Andersson et al., 1989; Wall et al., 1994; Rohrmann
et al., 1997; Damaser, 1999; Lee and Yoon, 2013; Nenadic et al., 2013;
Takezawa et al., 2014; Bayat et al., 2017; Kim and Hill, 2017; Rocha,
2017). Furthermore, related studies range from classical cystometry
analyses to more advanced methods, wherein the cystometrical setup
is combined with different imaging techniques.

However, besides the previously mentioned advantages of cystom-
etry, it cannot be used to determine layer- or position-dependent prop-
erties. To determine such characteristics, experiments on tissue strips
dissected from the UB are indispensable. Generally, two types of ex-
periments can be found in the literature.

On the one hand, uniaxial tension experiments (e.g. Finkbeiner and
O’Donnell, 1990; Rohrmann et al., 1997; Dahms et al., 1998; Brown
et al., 2002; Korossis et al., 2009; Martins et al., 2011; Zanetti et al.,
vailable online 18 December 2020
751-6161/© 2020 The Authors. Published by Elsevier Ltd. This is an open access ar

E-mail address: m.boel@tu-bs.de (M. Böl).

https://doi.org/10.1016/j.jmbbm.2020.104275
Received 15 July 2020; Received in revised form 4 November 2020; Accepted 12 D
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ecember 2020

http://www.elsevier.com/locate/jmbbm
http://www.elsevier.com/locate/jmbbm
mailto:m.boel@tu-bs.de
https://doi.org/10.1016/j.jmbbm.2020.104275
https://doi.org/10.1016/j.jmbbm.2020.104275
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2020.104275&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of the Mechanical Behavior of Biomedical Materials 115 (2021) 104275R. Trostorf et al.
Fig. 1. Porcine bladder tissue sample dissection: (a) Top view of the deflated UB for measuring the projected dimensions (𝐿long and 𝐿circ), (b) sample locations from the bladder’s
outside view (while red rectangles indicate samples which are used for mechanical testing, light grey dotted rectangles are dissection positions realised in Morales-Orcajo et al.,
2018), and (c) cross-sectional view of the UBW with position details of the in-plane slices (ip1 to ip4) of the UBW.
2012; Barnes et al., 2015; Natali et al., 2015; Menzel et al., 2017; Seyde-
witz et al., 2017), which are relatively easy to perform, are frequently
conducted. On the other hand, there are studies that have presented
more complex biaxial tension experiments (Baskin et al., 1994; Gloeck-
ner et al., 2002; Nagatomi et al., 2004, 2008; Lu et al., 2005; Gilbert
et al., 2008; Toosi et al., 2008; Wang et al., 2009; Cheng et al., 2018;
Morales-Orcajo et al., 2018). From a physiological perspective, the UB
is in vivo subjected to biaxial deformations. Furthermore, experimental
studies (e.g. Seydewitz et al., 2017; Morales-Orcajo et al., 2018) show
that the mechanical behaviour of the UBW is apparently anisotropic.
In addition to conducting biaxial experiments, orientation-dependent
uniaxial studies are another alternative. However, only six studies
have been conducted on orientation-dependent axial tension experi-
ments (Korossis et al., 2009; Martins et al., 2011; Zanetti et al., 2012;
Natali et al., 2015; Seydewitz et al., 2017; Borsdorf et al., 2019). More-
over, knowledge of the location-dependent properties is of particular
importance for a more comprehensive understanding of UB mechanics,
especially with respect to its function. Within the existing literature,
only three investigations that focus on location dependency in refer-
ence to mechanical characteristics are available (Korossis et al., 2009;
Morales-Orcajo et al., 2018; Borsdorf et al., 2019). No regional or direc-
tional differences were found in the active muscle properties, like force–
length or force-velocity relations (Borsdorf et al., 2019). Interestingly,
significant regional differences in passive mechanical characteristics of
the UB wall were found by Korossis et al. (2009) and Morales-Orcajo
et al. (2018) performing uniaxial and biaxial tensile experiments, re-
spectively. However, for better mechanical understanding, as well as
for the development of three-dimensional continuum mechanics-based
models, information on layer-specific mechanical behaviour is of enor-
mous importance. Even after intensive literature research, only one
study has been found that deals with the layer-specific and mechanical
characterisation of porcine UB tissue (Seydewitz et al., 2017). In the
2

context of this study, uniaxial, and orientation-dependent investiga-
tions were conducted to clarify the different mechanical properties of
the individual layers. However, biaxial layer-specific investigations are
currently unavailable.

Microstructural information, such as fibre orientations and distribu-
tions of the different tissue constituents (elastin, collagen, and SMC), is
essential for a better understanding of UB mechanics (Morales-Orcajo
et al., 2018). In particular, the combination of microstructural and
mechanical information is of high importance as it allows for the iden-
tification and better comprehension of the load transfer mechanisms
that occur during organ loading and unloading. However, studies of
this type are extremely rare. So far, only two studies have been found
that address the mechanical and microstructural characterisation of
UB tissues (Cheng et al., 2018; Morales-Orcajo et al., 2018). On the
one hand, Cheng et al. (2018) combined biaxial mechanical testing
with multiphoton microscopy, whereby the authors were able to match
the percentage of collagen fibres straightened by the stress–strain rela-
tion of rat UBW specimens; on the other hand, Morales-Orcajo et al.
(2018) performed biaxial tension experiments on porcine UB tissues
and matched them with fibre bundle orientations/distributions and
proportions of the tissue constituents (elastin, collagen, SMC).

2. Materials and methods

2.1. Structural aspects of urinary bladder soft tissue

The UBW consists of three main layers (from the inside out): The
mucosal, muscular, and serosal layers, cf. Fig. 1(c). For a detailed
description of the bladder wall microstructure, the reader is referred
to Seydewitz et al. (2017). Summarily, the mucosal layer, which dis-
plays many thick folds in the empty state of the bladder, consists of
three sublayers: The innermost transitional epithelium, lamina propria,
and tunica submucosa. All these layers have different physiological and
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Table 1
Number of tissue samples used within this studies for mechanical and histological investigations.

Mechanics, set S1 Histology (fibre orientation, set S2) Histology (layer thickness, set S3)

𝐷2 𝑉5 𝐷2 𝑉5 𝐷2 𝑉5

Mucosal layer 5 5 – – – –
Muscular layer 5 5 12 12 24 24
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mechanical functions; they consist of collagen networks, some of which
contain SMCs (tunica submucosa). The muscular layer consists of SMCs
embedded in a collagen network and features various differentiable
smooth muscle sublayers that are not very evident. In large areas of
the UBW, the inner and outer sublayers are predominantly longitu-
dinally (Stratum longitudinale) and circumferentially (Stratum circulare)
riented (e.g. Pel et al., 2005; Morales-Orcajo et al., 2018), cf. Fig. 1(c).
he serosal layer is the outermost layer of the UBW, and features
wo sublayers: The innermost tela subserosa and the tunica serosa.
n addition to the low elastin content at the interface between the
uscular layer and tunica serosa and a network of autonomous nerve

ibres, the serosal layer mainly consists of wavy collagen fascicles that
orm a loose network of fibres.

.2. Ethical approval

The study was exempted from ethical committee review accord-
ng to the National Regulations (German Animal Welfare Act), as
orcine urinary bladders of healthy domestic pigs were obtained from
slaughterhouse immediately after animal sacrifice.

.3. Urinary bladder sample dissection

In this study, twenty-nine (𝑛 = 29) UBs of domestic pigs (Sus
crofa domestica) that were 5–7 months old and approximately 90 kg
n weight, were obtained from a slaughterhouse immediately after
nimal sacrifice and transported to the laboratory. During the trans-
ort and preparation, the organs were stored in calcium-free Krebs
olution (Parekh et al., 2010: 113 mM NaCl, 4.7 mM KCl, 1.2 mM
gSO4, 25 mM NaHCO3, 1.2 mM KH2PO4, 5.9 mM dextrose, and
mM EGTA) to prevent spontaneous contractions, especially during

he biaxial tensile experiments.
Before the UBs were mechanically tested, they were measured in

heir empty, relaxed state, see Fig. 1(a). The mean weight was found
o be 45.9±6.1 g and the average sizes were 91.2±6.6 mm in projected
ength (𝐿long) and 58.3 ± 4.1 mm in projected width (𝐿circ). Following
ig. 1(b) and according to Morales-Orcajo et al. (2018), the UB was
liced along the Ligamentum vesicae laterale and Ligamentum vesicae
edianum, dividing the bladder into three tissue parts indicated by
(dorsal) and 𝑉 (ventral). Previous location-dependent mechanical

nvestigations on UBs (Morales-Orcajo et al., 2018) indicated the largest
ifferences in mechanical responses for samples 𝐷2 and 𝑉5 (red rectan-
les), which inspired the use of these samples for mechanical testing
n the present study, see set S1 in Table 1. The samples were dissected
t identical positions for the realisation of histological investigations.
o this end, the sample sets S2 (twenty-four 𝑛 = 24 samples) and S3
forty-eight 𝑛 = 48 samples) were used for in-plane fibre orientation
dentification and thickness measurements, respectively. Thus, a total
f ninety-two (𝑛 = 92) tissue samples were used in this study.

.4. Sample processing and mechanical testing

For the realisation of equi-biaxial tension experiments, a testing
achine (Zwick GmbH & Co. KG, Germany), featuring four linear

ctuators that can be controlled independently, was used, for details
ee Morales-Orcajo et al. (2018). Summarily, force was measured by
oad cells, two in each loading direction 𝒆circ and 𝒆long. A video ex-
ensometer (Video Extensometer ME46, Messphysik Materials Testing
3

mbH, Austria) was positioned above the tissue sample to track the
arkers on the specimen during testing. To control the actuator move-
ent, the extensometer was coupled to the testing machine. For data

nalysis, see Section 2.5, load cell values, actuator positions, and
arker displacements were recorded.

After dissecting the tissue samples (30 × 30 mm), nine markers were
pplied in a square-shaped area (6 × 6 mm) on the sample outside
to be identical to the outer surface of the UB) to allow deforma-
ion tracking during first mounting, preconditioning, layer separation,
econd mounting, and final testing. Following Morales-Orcajo et al.
2018), five hooks were inserted on each sample side, the specimen was
ositioned into the biaxial testing machine, and submerged in calcium-
ree Krebs solution at 37◦ C, while being continuously bubbled with a
as mixture of 95% O2 and 5% CO2, see Fig. 3. In a further step, the
trips were preconditioned by 12 stretch-controlled loading/unloading
ycles, ranging from 𝜆 = 1.3 to 𝜆 = 1.4 to achieve a stable reference
tate. For realising the preconditioning cycles, we followed Morales-
rcajo et al. (2018) and applied a preload in both axes to avoid weight
ffects, i.e., to guarantee the horizontal alignment of the samples,
nd therefore ensure the correct measurement of the initial markers
istance in-plane. For layer separation, the preconditioned sample was
ut into smaller square-shaped samples (20 × 20 mm), for dimensions
ee Appendix A, and fixed with needles on the polystyrene block with
he mucosal layer underneath. A horizontal cut below the muscular
ayer was carefully performed with micro scissors under magnification
lasses. The sample was kept at 45◦, allowing gravity to peel off the
uscular layer during cutting. The stretch of the muscular layer was

racked using the initially applied markers. Owing to the fixation of the
ucosal layer with needles, no deformation was detected in this layer.
fter complete separation of the layers, nine markers were applied

o the mucosal layer to optically track its deformation during biaxial
ampling.

After layer separation, the single layers, i.e., the muscular and
ucosal layers, were mechanically tested under a single equi-biaxial

oading until tissue sample failure occurred by applying a strain rate of
̇ = 0.2%∕s.

.4.1. Reference state of urinary bladder specimen
In the undeformed state, the different layers of the UBW feature dis-

imilar waviness, see Fig. 2(a). The waviness is particularly pronounced
n the mucosal layer, as seen in the enlargement in (a). However, in
ombination with various softness properties of the different layers,
he mechanical responses might strongly depend on the (improper)
andling history of the tissue. This particularly applies to the mucosal
ayer during preconditioning and layer separation. In this scenario, the
ayer might be elongated and thus, may not reflect its natural waviness
s in the in vivo situation, which is defined as the mechanical reference
tate. To this end, the sampling history was tracked throughout the
ntire process: Before the sample was mounted for the first time into
he test machine, the reference configuration was recorded using at-
ached markers, see Fig. 3(a). Thereafter, 12 preconditioning cycles, cf.
ig. 4(b), were performed and the first pre-stretch 𝜆pre,1 was measured
ccounting for preconditioning and mounting processes. Due to the
ayer separation, which necessitates the unmounting of the sample, the
aves of the mucosal layer were pulled out. Both, the unmounting and

he pull out of the waves, results in a further stretching 𝛥𝜆, see Fig. 2(b).
he total stretch 𝜆pre,2, can thus be calculated from parts of first
ounting, preconditioning, sample separation, and second mounting,

ee Fig. 2(b). While 𝜆pre,2 is necessary for a clear characterisation of the

mechanical behaviour of the UBW, 𝜆pre,1 is only an auxiliary variable.
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Fig. 2. UBW reference state and pre-stretch determination: (a) Histological cross-section of porcine UBW strained with Picro-Sirius red and (b) force–stretch response of the mucosal
layer before post-processing (black line), after the first mounting and 12 cycles of preconditioning (red line), and after additional layer separation and second mounting into the
testing machine (green line). Scale bar: 500 μm.
Fig. 3. Experimental, biaxial setup: (a) View of the tissue specimen mounted in the testing machine. (b) Idealised illustrations of the marker (filled circles) and hook (filled
squares) positions. The forces acting on the tracked area are illustrated in the subfigure of (a). Note that the dimensions are given in millimetres, and the directions 1, 2, and 3
of the coordinate system correspond to the circumferential, longitudinal, and 𝑧-direction in Fig. 1, respectively.
2.5. Data analysis — determination of stresses and stretches

Following Fig. 3(a), while performing stretch-controlled equi-biaxial
tension experiments, two forces (𝑓1 in the circumferential and 𝑓2 in the
longitudinal direction) were measured. Owing to the microstructural
conditions of the UBW, shear forces are observed, leading to shear
deformation. However, all forces (two normal 𝑓11 and 𝑓22, and two
shear forces 𝑓12 and 𝑓21) acting on the tissue sample, see sub-figure
of (a), are unknown. To determine these forces in the post-processing
step, we follow the procedure presented in Morales-Orcajo et al. (2018),
while assuming incompressible and homogeneous deformations within
the central tracking area, see (b). Knowing the coordinates of all nine
markers in the subfigure of (a), we obtain the stretches

𝜆1 =
𝜕𝑢1
𝜕𝑋1

+ 1, 𝜆2 =
𝜕𝑢2
𝜕𝑋2

+ 1, and 𝜆3 =
1

𝜆1𝜆2 − 𝛾1𝛾2
(1)

and in-plane shear

𝛾1 =
𝜕𝑢1
𝜕𝑋2

and 𝛾2 =
𝜕𝑢2
𝜕𝑋1

, (2)

to be components of the deformation gradient 𝐹𝑖𝑗 = 𝜕𝑢𝑖∕𝜕𝑋𝑗 + 𝛿𝑖𝑗 ,
determined from the displacement of the nine markers by means of
isoparametric interpolation (Sommer et al., 2015). Therefore, 𝑢𝑖, 𝑋𝑖,
and 𝛿𝑖𝑗 are the displacements, reference coordinates, and Kronecker
delta, respectively. By knowing the dimensions of the undeformed
specimen in form of the lengths in both directions (𝐿1, 𝐿2) and the
thickness (𝑇 ), as well as the forces acting on the tracked areas, as
4

illustrated in Fig. 3, the normal stresses

𝜎11 = 𝜆1
𝑓11
𝐿2𝑇

+ 𝛾1
𝑓12
𝐿1𝑇

∶= 𝜎circ and 𝜎22 = 𝜆2
𝑓22
𝐿1𝑇

+ 𝛾2
𝑓21
𝐿2𝑇

∶= 𝜎long (3)

and shear stresses

𝜎12 = 𝜆2
𝑓12
𝐿1𝑇

+ 𝛾2
𝑓11
𝐿2𝑇

= 𝜆1
𝑓21
𝐿2𝑇

+ 𝛾1
𝑓22
𝐿1𝑇

= 𝜎21 ∶= 𝜎shear (4)

can be calculated, see Morales-Orcajo et al. (2018).
Since every sample is stretched prior to testing and failures occur

at various strains, each test features individual boundaries, thereby
prohibiting the calculation of the average stress–stretch behaviour.
Therefore, samples belonging to the same category (mucosal layer and
muscular layer) were normalised by mapping the domain of the stress–
stretch relation onto a unit interval, allowing the calculation of the
mean and standard deviation. Thereafter, the average stress–stretch
relation was transformed back to the interval [1, 𝜆max,mean] by

𝑔(𝜆) = (𝜆max,mean − 1)𝜆 + 1 with 𝜆 ∈ [0, 1]. (5)

Herein, 𝜆max,mean defines the average of the maximum stretches reached
in the group of tests.

2.6. Smooth muscle fibre bundle distribution

To study the smooth muscle (SM) fibre distribution in the unloaded
situation, as well as during tensile loading, tissue samples of set S2 were
histologically investigated. To this end, twenty-four (𝑛 = 24) rectangu-
lar samples from each of the two positions, 𝐷 and 𝑉 , were directly
2 5
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Fig. 4. Preconditioning protocol within the present study: (a) Representative tissue preconditioning response (dorsal specimen with entire wall structure) in the longitudinal
(dashed lines) and circumferential (solid lines) directions through 12 successive stretch-controlled cycles, ranging from 1.3 to 1.4. (b) Stretch–time curve to which all samples were
subjected. Note, the points (i), (ii), (iii), and (iv) describe characteristics point used later within the text.
a
o

fast-frozen after dissection by immersing them in liquid isopentane
(−160◦ C), cooled with liquid nitrogen (−210◦ C), and stored at −80◦ C
n an ultra-low freezer.

A cryomicrotome, cooled to −20◦ C (Fischer et al., 2008), was
sed to produce 6 μm thick sections: For thickness determination, one
ection per sample was used, and for in-plane fibre bundle orienta-
ion analysis within the muscular layer, four successive sections were
tilised. The latter sections were distributed as illustrated in Fig. 1(c),
.e., two sections were each prepared in the Stratum circulare (ip1, ip2)
nd the Stratum longitudinale (ip3, ip4). The Picrosirius red staining
rotocol, see Appendix B, was used for SM fibre bundle visualisa-
ion. Histological sections were digitised via digital microscopy (ZEISS
martzoom 5). The same method was applied to samples for thickness
valuation (set S3), which led to a better visibility of different layers.

The orientation of the muscle fibre bundles was determined directly
rom the digitised image based on the evaluation of the structure
ensor Bigun et al. (2004) within the region of interest. Calculations
ere performed according to Rezakhaniha et al. (2012), leading to a
eighted orientation histogram with angles from −90◦ to 90◦, cf. Fig. 7.
he dominant fibre direction, represented by the structure tensor

= 1
𝑛

𝑛
∑

𝑖=1
𝒎𝑖 ⊗𝒎𝑖 (6)

was identified by reducing the angle data from the histogram. Herein,
𝒎𝑖 are the directional vectors of the corresponding angle 𝛼𝑖, and 𝑛
defines the number of considered angles. With the eigenvectors and
eigenvalues of 𝒁 available, the eigenvector with the largest corre-
sponding eigenvalue indicates the dominant direction vector 𝒎d. By
establishing the linear decomposition

𝒎d = 𝑎1𝒆1 + 𝑎2𝒆2 (7)

of 𝒎d, the corresponding angle

𝛼d = tan−1
(

𝑎1
𝑎2

)

(8)

epends on the vector coefficients 𝑎1 and 𝑎2.

.7. Micromechanical load transfer mechanisms in the urinary bladder wall

Based on the complex microstructure of UBWs, it is easy to see
hat there is an extensive interplay between the individual layers under
echanical loading. For example, UBWs typically feature low internal
ressures, even with a large filling volume (Parekh et al., 2010; Parsons
t al., 2012; Habteyes et al., 2017). This is due to the microstructure
f the UBW and its specific load-transfer mechanisms, which remain
nexplored.
5

To gain insight into these mechanisms, samples from the dorsal
nd ventral regions were loaded equi-biaxially up to certain degrees
f elongation of 𝜆 = 1.0∕1.3∕1.5∕1.6∕1.7∕1.8∕2.0 and then, fast-frozen

in their deformed state. In doing so, we followed a protocol de-
scribed in Morales-Orcajo et al. (2018). Comprehensively, after biax-
ially stretching the tissue sample, thin metal pins, attached to a rigid
frame, were pressed into the deformed tissue around the region of in-
terest, such that it could no longer deform mechanically. Subsequently,
the tissue, still fixed to the frame, was fast-frozen. Microstructural
changes were assessed by comparing the histological cross-sections
of the unloaded and loaded sample sections. From the unloaded and
loaded samples, the average thickness values, 𝑇unloaded and 𝑇loaded, were
measured in the dorsal and ventral regions at two positions for four
samples each, leading to the attainment of the average behaviour of
sixteen samples. Finally, the thinning response was calculated as

 =
(

1 −
𝑇loaded
𝑇unloaded

)

× 100. (9)

A total of forty-eight samples were evaluated, and four samples were
tested at two locations for six stretch levels.

3. Results

3.1. Urinary bladder mechanical properties

Before measuring the mechanical properties of the individual tissue
layers, tissue strips featuring the entire wall structure were precon-
ditioned. In Fig. 4, typical preconditioning cycles during equi-biaxial
loading based on force vs. stretch are illustrated. Interestingly, the first
loading curve features a convex behaviour, while all other loading
and unloading curves are characterised by concave curve progressions.
During the first four to six preconditioning cycles, a change in the
maximum force is evident. Between cycles 8 and 12, the curves are
stable and exhibit reproducible behaviour, which is characterised by
a distinct exponential course and significantly differs from the first
load path (from 𝜆 = 1.0 to 𝜆 = 1.4). Furthermore, in the longitudinal
direction, the material behaviour is significantly stiffer compared to the
circumferential direction (𝐹 = 0.92 N and 𝐹 = 0.56 N).

After separating the mucosal and muscular layers, the specimen was
loaded up to failure limit, which was usually expressed by tearing off
the hooks. In Fig. 5, the mean values (lines) and standard deviations
(shaded areas) of layer-specific tests are presented in terms of Cauchy
stress vs. stretch for the two different locations (𝐷2, 𝑉5). Regardless
of the sample position, the tissue strips exhibit similar qualitative
properties, which are characterised by an exponential and non-linear
behaviour. Irrespective of the dissection position, the stresses in the lon-
gitudinal direction (dashed lines) appear to be marginally higher than



Journal of the Mechanical Behavior of Biomedical Materials 115 (2021) 104275R. Trostorf et al.
Fig. 5. Layer- and orientation-specific stress–stretch behaviours of the UBW: Experiments on the (a) dorsal and (b) ventral region. Curves characterise mean values while shaded
areas depict standard deviations.
Table 2
Direction- and position-dependent pre-stretches 𝜆pre,1 and 𝜆pre,2 (mean ± s.d.).

𝜆pre,1 𝜆pre,2
Entire strip Muscle layer Mucosal layer

𝐷2 𝑉5 𝐷2 𝑉5 𝐷2 𝑉5

Circumferential direction 1.37 ± 0.19 1.38 ± 0.11 1.56 ± 0.35 1.59 ± 0.16 1.87 ± 0.18 1.94 ± 0.11
Longitudinal direction 1.35 ± 0.17 1.21 ± 0.10 1.44 ± 0.16 1.38 ± 0.14 1.85 ± 0.27 1.50 ± 0.16
T
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in the circumferential direction (solid lines). The stretch-dependent
stiffness values of the different layers are rather interesting. Regardless
of the loading direction, the dorsal specimens (a) show that, up to
a stretch of 𝜆long = 𝜆circ = 1.95 (green area), the muscular layer
exhibits a stiffer behaviour compared to the mucosal layer. Above a
stretch of 𝜆long = 𝜆circ = 1.95, the stiffness of the mucosal layer
significantly increases in both directions, exceeding the stiffness of
the muscular layer. For the ventral specimens (b), the circumferential
and longitudinal directions (green area) are similar up to a stretch
of 𝜆circ = 2.2 or 𝜆long = 1.6, i.e., the muscular layer is stiffer com-
pared to the mucosal layer. For larger stretches, the mucosal layer
increases significantly in stiffness, as also apparent in the dorsal area.
Under physiological conditions, UBs are stretched by 90% to 130% (rat
UB Parekh et al., 2010), and thus, the stiffness ratios are approximately
as in the area marked green in Fig. 5; the findings gained here are of
particular importance. Consequently, it seems that under physiological
conditions, the muscular layer is the first to transfer loads followed by
the mucosal layer at higher stretches.

During the entire processing of the tissue (first mounting, precon-
ditioning, layer separation, and second mounting), the sample length
changes were monitored, indicated by the nine markers at the centre
of the sample. These lengths were converted into pre-stretches (𝜆pre,1
and 𝜆pre,2), as shown in Table 2. However, the second pre-stretch 𝜆pre,2
consistently exhibits a higher value than the first one 𝜆pre,1. Generally,
the pre-stretch of the mucosal layer is evidently higher than that of
the muscular layer. Nonetheless, shifting the measured stress–stretch
relations based on the determined pre-stretched 𝜆pre,2, leads to the
shifted relations, as illustrated in Fig. 5.

As a quantitative measure of directional dependencies, the degree
of anisotropy (Sommer et al., 2015)

𝜉 =
|𝜎11 − 𝜎22|

max
(

𝜎11, 𝜎22
) (10)

is introduced, ranging between zero and unity for fully isotropic and
anisotropic behaviours, respectively. In Table 3, the degree of
anisotropy is presented as a function of layer and region. The mean
values for the muscular layer were higher than those for the mucosal
layer. Furthermore, regional differences can be identified; the degree of
anisotropy is higher in the dorsal than in the ventral region, irrespective
6

c

Table 3
Degree of anisotropy (mean ± s.d.) in dependence of the region and the
layer.
muscular layer mucosal layer

𝐷2 𝑉5 𝐷2 𝑉5

0.45 ± 0.22 0.38 ± 0.20 0.30 ± 0.06 0.24 ± 0.16

able 4
ata (mean ± s.d.) for maximum shear stress normalised to maximal normal stress in
ifferent regions and layers in percent and in-plane shear.

Muscle layer Mucosal layer

𝐷2 𝑉5 𝐷2 𝑉5

𝜎shear∕𝜎circ [%] 1.43 ± 2.24 5.93 ± 5.14 0.25 ± 0.34 3.54 ± 2.92
𝜎shear∕𝜎long [%] 2.62 ± 3.77 3.75 ± 2.65 0.19 ± 0.24 2.49 ± 1.71
𝛾circ [–] 0.13 ± 0.13 0.20 ± 0.13 0.22 ± 0.20 0.14 ± 0.10
𝛾long [–] 0.15 ± 0.09 0.17 ± 0.09 0.15 ± 0.07 0.12 ± 0.06

f the layer. Deviations from the mean value are, except for the dorsal
ucosal layer, high, indicating large differences between samples of

he same region and layer.
Shear stresses (𝜎shear) and in-plane shear (𝛾circ∕long) for both regions

nd layers are listed in Table 4. Large deviations prohibit the inter-
retation of these values with respect to the different locations and
ayers. The impact of shear stress is negligible, except for a single test
n the ventral muscular layer, which leads to an increased mean value.
n particular, the dorsal mucosal layer exhibits a very low fraction of
hear to normal stress. For each layer and region, a higher in-plane
hear corresponds to a higher fraction of stresses.

.2. Urinary bladder microstructure

.2.1. Microstructural changes under loading conditions
An essential question with regard to tissue engineering entails how

oads are transferred within the UBW. The partly wavy structure of the
uscular and mucosal layers, see Fig. 1, plays a pivotal role in this
rocess. To shed more light on this question, the thinning responses
f cross-sections (averaged over dorsal and ventral regions) under in-
reasing tension deformation were analysed, see Fig. 6. At a maximum
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Fig. 6. Layer-specific thinning characteristics of the UBW at discrete stretch levels 𝜆 = 1.0∕1.3∕1.5∕1.6∕1.7∕1.8∕2.0. The solid curves characterise mean values while shaded areas
depict standard deviations. Histological images are shown for stretch levels of 𝜆 = 1.0∕1.6∕1.8∕2.0. Scale bar: 1 mm.
elongation of 𝜆 = 2.0, a thickness reduction of approximately 80% is
more or less evident for all layers. This high thickness reduction is also
apparent in the histological sectional images. While all curves exhibit
a slightly compressible behaviour during the load paths, at maximum
deformation, the averaged curves coincide with the theoretical value of
incompressibility.

3.2.2. Smooth muscle fibre bundle orientation
Measurements of the fibre bundle orientations before and during

loading as a function of the regions are shown in Fig. 7. In the first col-
umn, the orientations prior to loading are illustrated to be comparable
to point (i) in Fig. 4(b). The various grey shades of the curves are associ-
ated with the depth of the in-plane section (ip1–ip4), i.e., with respect
to Fig. 1(c). Thus, while ip1 presents the fibre bundle distribution in
the outermost, ip4 displays the distribution of the innermost sections.
Before testing (first column), in the dorsal region, the fibre bundles
in the outermost section are circumferentially oriented, while they are
longitudinally inclined in the innermost section. For the ventral region,
the muscle fibres are generally more aligned in the oblique direction
because the dominant fibre direction lies at −50◦ and 70◦ for the inner
and outer layers, respectively. These results are consistent with the
findings of Morales-Orcajo et al. (2018).

During further loading up to 𝜆 = 1.4, see point (ii) in the loading
history in Fig. 4(b), the majority of the fibres in the dorsal region
properly align themselves in the circumferential direction. This applies,
more or less, to all layers. Furthermore, with increasing load (𝜆 = 1.3
and 1.7), a change from a unimodal to a bimodal distribution is evident.
This effect is particularly pronounced at maximum deformation (𝜆 =
1.7, cf. point (iv) in Fig. 4(b)), where 50% of the samples have a
dominant fibre bundle orientation in the longitudinal direction and the
other half is oriented in the circumferential direction.

In the ventral region, multimodal distributions are measured, except
for the outermost sections, which show reproducible results for differ-
ent stretch states. During the deformation process, fibres of all layers
7

(except the innermost layer) align themselves to an approximately
identical orientation, i.e., to an orientation of −30◦. At this point, it
is particularly interesting to study the development of fibre orientation
via the deformation process. In the undeformed state, the fibres of the
outer layer ip1 have a dominant direction of −47◦, while the orienta-
tion of the other layers (ip2–ip4) gradually change in positive direction,
resulting in a dominant fibre direction of 70◦ for the innermost layer
ip4. During sample deformation, the ip1 develops a dominant fibre
orientation of approximately −27◦ while the ip4 changes to −45◦.

4. Discussion

While many studies have emphasised the importance of layer-
specific studies for different tissues, e.g., arteries (Lu et al., 2004;
Holzapfel et al., 2005), stomach (Zhao et al., 2008; Jia et al., 2015;
Bauer et al., 2020), small intestine (Sacks and Gloeckner, 1999; Lu
et al., 2005), or oesophageal tissue (Natali et al., 2009; Sommer et al.,
2013), only two studies conducted by Gilbert et al. (2008) and Sey-
dewitz et al. (2017) have focused on the mechanical characteristics
of various layers and their combinations via axial and biaxial tension
experiments.

Although we investigated the mechanical characteristics of the en-
tire UBW (Seydewitz et al., 2017; Morales-Orcajo et al., 2018) in
previous works, biaxial tension experiments on the mucosal and mus-
cular layer were performed in this study. Additionally, layer-specific
pre-stretches were identified, which were important for understanding
and interpreting load transfer mechanisms inside the UBW. We ob-
served higher pre-stretches in the mucosal layer than in the muscular
layer, which supported the idea of a low-stress unfolding process, as
previously reported for mouse UB (Hornsby et al., 2017) and stomach
tissues (Bauer et al., 2020). Hornsby et al. (2017) described a totally
flattened state for a stretch of 𝜆 = 1.8, which approximately coincided
with the onset of the present study.
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Fig. 7. Histograms of fibre bundle orientation distributions (orientation 𝛼 versus fraction 𝑓 ) in dependence on tissue loading and sample location and representative in-plane
histological images (stained with Picro-Sirius red, cf. Appendix B). In the first column, the orientations prior loading are illustrated. The fibre orientation at maximum (𝜆 = 1.4) and
minimum stretch (𝜆 = 1.3) during cycling are illustrated in the second and third columns, respectively. Finally, in the last column, the distribution at maximum stretch (𝜆 = 1.7) is
illustrated. Notably, with respect to Fig. 1, a fibre bundle angle of 0◦ presents the circumferential and 90◦ the longitudinal direction. ip1 to ip4 represent the 4 in-plane sections
of the muscular layer, cf. Fig. 1(c). Note, (i), (ii), (iii), and (iv) refer to the characteristic points defined in Fig. 4. Scale bars: 500 μm.
4.1. Urinary bladder mechanical properties

Performing layer-specific biaxial tension experiments revealed a
stiffer behaviour of the thin mucosal layer, especially for higher
8

stretches, leading to a comparable load bearing ability of both layers in
the passive state of the muscular layer. For comparing low to moderate
stretches (dorsal region: 𝜆 = 1.95, ventral region: 𝜆 = 1.6 to 2.2, cf.
Fig. 5) based on typical physiological ranges during UB filling (Parekh
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et al., 2010), the muscular layer features stiffer characteristics. How-
ever, high stiffness characteristics were also observed in the inner
layer by Li et al. (2014), who performed layer-specific studies on rat
UBs. In agreement with our results, investigations on stomach revealed
lower stiffness at lower stretches in the mucosal layer than in the
muscular layer (Dargar et al., 2017, 2019; Jia et al., 2015). This was
also indirectly mentioned in Bauer et al. (2020) as the authors observed
a larger pre-stretch in the mucosal layer, as performed in the present
study. For large stretches, location dependency was observed for the
stomach, while the UB appeared to exhibit a stiffer mucosal layer
at both tested locations, which was slightly more pronounced in the
central dorsal position.

The mucosal layer protects the muscular layer against urine and
serves for sensing (Fry and Vahabi, 2016). Additionally, the present
findings demonstrate the mechanical importance of the thin mucosal
layer, as the exerted force is similar to that of the muscular layer.
However, the higher pre-stretch of the mucosal layer indicates a softer
behaviour than the muscular layer at low stretches, thereby supporting
the theory of an unfolding process, as mentioned for the stomach (Bauer
et al., 2020).

As there is no standardised testing protocol for biaxial tension exper-
iments, a quantitative comparison with other studies is very difficult.
However, in a previous study by Morales-Orcajo et al. (2018), the same
preconditioning protocol was used, and a cyclic test was performed
up to a total stretch of 𝜆 = 1.7. Interestingly, the first loading curve
eatures a convex behaviour, while all other loading and unloading
urves are characterised by concave curve progressions. In comparison
o Morales-Orcajo et al. (2018), the curve progress of the first loading
eems to be untypical, as in Morales-Orcajo et al. (2018) a concave
rogression was recorded. The reason for this difference is unclear
nd may have its cause in the variability of the biological tissue.
urthermore, the mechanical response of the muscular layer is lower
han that of the entire wall at the same stretch Morales-Orcajo et al.
2018). This is mainly due to the additional pre-stretch, which is only
ecorded in the present study. Cheng et al. (2018) sampled rat UBs
fter five preconditioning cycles and obtained a similar stress response
etween 50 kPa and 150 kPa. Other studies observed a stiffer rat UB
esponse (Gloeckner et al., 2002; Toosi et al., 2008; Wang et al., 2009;
hen et al., 2013). However, the specimens were stored in cooled
hysiological solutions prior to testing, making the direct comparison
f the results very difficult.

.2. Urinary bladder microstructure

One of the aims of this study was to determine the changes in
hickness over different stretch states during loading and unloading.
ecause of the high liquid content of the bladder tissue (e.g. Natali
t al., 2015), for the evaluation of experimental data, as well as
or constitutive model development, the deformation kinematics are
requently assumed to be incompressible (e.g. Gloeckner et al., 2002;
eydewitz et al., 2017; Cheng et al., 2018; Jokandan et al., 2018). The
ethod employed to measure the volume in the present study has the

dvantage of capturing the stretched state, while other methods, such
s weighting of samples, only measure changes in the unloaded state;
herefore, they inhibit the measurement of the dynamic changes in the
nflow and outflow of fluids from the tissue. Nevertheless, the chosen
pproach results in a high standard deviation, which makes conveying
detailed description or conclusion difficult.

Changes in the dominant fibre orientation in the dorsal part are
ot expected, as the sample is stretched along the two fibre direc-
ions. This holds true for the outer muscular layer. The similarity
etween measurements before and after testing is remarkable given
he second manual processing step of removing and freezing the sam-
le. Cheng et al. (2018) studied the collagen fibre orientation of rat
Bs in equi-biaxial tension experiments. The induced stretch leads
9

o a straightening of collagen fibres and reduces its variance in the
longitudinal direction (Cheng et al., 2018). This effect was not observed
for SM fibres.

Fibres that are unaligned with the direction of deformation lead to
a shift of the dominant orientation towards the longitudinal direction.
This indicates a loose connection between fibres and the connective
tissue, as the structure partially changes. This effect has already been
observed for low stretches; however, the results for the dorsal region
indicate a good measurement quality, as changes are not caused system-
atically by sample handling. These statements are valid for the outer
layer.

The quality of the in-plane sections was drastically reduced for
highly stretched tissue samples. A possible explanation is that the inter-
nal stresses destroy the 6 μm thick sections after thawing, during the
staining process. The applied stretches at the end of the measurements,
when referenced to the undeformed configuration, exceed common
levels in biaxial experimental investigations (Nagatomi et al., 2005;
Gloeckner et al., 2002; Wang et al., 2009; Cheng et al., 2018).

The large deviations between the same position, stretch, and cutting
depth, as well as similarities between cutting depths at the same stretch,
lead to the conclusion that the sections in both layers of the muscular
layer are not exactly sliced. The thickness reduction, described theo-
retically in Fig. 6, plays a major role in the practical handling of the
samples. Starting from an average thickness of approximately 6 mm,
the resulting thin muscular layer at a thinning of  = 80% (1.2 mm) is
ectioned at four equidistant positions. Therefore, a misplacement of 2◦

f the 10 × 10 mm specimen in the microtome leads to an overlap of
he initially defined sections. The physically unexplainable deviations
re the result of high accuracy requirements for practical applications.

.3. Functional aspects related to mechanical findings

Biaxial testing is common for hollow organs and allows for the
ttainment of a similar deformation state caused by UB filling (Morales-
rcajo et al., 2018). Based on the assumption that the UB is a sphere
ith an incompressible wall, the inner layer is stretched at an increased

evel when compared to the outer layer for the filling process of the
ntire organ. This underlines the mechanical importance of the mucosal
ayer displayed in Fig. 5.

The muscle fibre orientation in the ventral region is aligned towards
he circumferential direction. Since the muscle fibre orientation indi-
ates the direction of the contraction, a softer mechanical behaviour
s expected during passive extension. However, a weak anisotropic
ondition for the dorsal and a stronger one for the ventral region was
bserved in this study, as well as in other works on tissue strips (Gloeck-
er et al., 2002; Morales-Orcajo et al., 2018; Cheng et al., 2018), while
ests on whole organs revealed an increased stretch in the longitudinal
irection during filling (Parekh et al., 2010). Therefore, the alignment
s probably caused by the increased pre-stretch in the circumferential
irection.

In the filling experiments, a stretch of 𝜆 = 1.9 in the circumferential
nd 𝜆 = 2.3 in the longitudinal directions was observed for rat UBs at a
ypical voiding volume of 0.74 ml (Parekh et al., 2010). In the present
tudy, a stiffer material response of the mucosal layer coincides with
he above-mentioned range, indicating a point of increased importance
nd very likely triggering the sensing function of this layer. This in-
ormation has to be treated with caution, as the experiments by Parekh
t al. (2010) were performed on rat UBs, and it is questionable whether
he mechanical behaviour can be compared to that of porcine UBs.

.4. Impact on urinary bladder modelling

Proving the assumption of incompressibility was not possible; how-
ver, a similar behaviour in all layers was observed, irrespective of
he stretch. This indicates a homogeneous deformation state across the
ifferent layers, which leads to the assumption that different layers
re described with the same volumetric part of the strain energy
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Fig. 8. Idealised illustrations of the marker (filled cycles) and hook (filled squares)
positions. Note, the dimensions are given in millimetres.

function (Seydewitz et al., 2017) or constant Poisson ratio (Li et al.,
2014).

Active and passive modelling approaches can utilise the obtained
mechanical data of the mucosal layer. Previous works by Seydewitz
et al. (2017) used the difference between an intact UBW and the
muscular layer to gain insights into the mucosal layer. Uniaxial tension
experiments revealed an equivalent mechanical load bearing capacity
of the two layers, thereby supporting the previously made statement
with regard to homogeneous deformation with minimal interaction
between the layers.
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Appendix A. Marker and hook positions for tissues samples (20 ×
20 mm)

Optical marker and hook positions for a tissue sample with 20 mm
edge length (see Fig. 8).
10
Appendix B. Picro-Sirius red staining protocol for porcine urinary
bladder wall (Morales-Orcajo et al., 2018)

1. Fix sections with Picro-Formalin for 5 min.
2. Rinse sections under gently running water for 10 min.
3. Stain sections with Picro-Sirius red solution for 60 min.
4. Rinse sections with acidified water for 2 min 2 times.
5. Rinse sections with distilled water for 1 min.
6. Dehydrate sections with ethanol 96% for 1 min.
7. Dehydrate sections with isopropanol for 1 min 2 times.
8. Clear sections with xylene for 5 min.
9. Cover sections with a mounting medium.
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