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This paper presents a computational study to investigate the mechanical properties of human penile tissues.
Different experimental testing regimes, namely indentation and plate-compression tests, are compared to
establish the most suitable testing regime for establishing the mechanical properties of the different penile tis-
sues. An idealised MRI-based geometry of the penis, containing different tissue layers, is simulated using the
finite element (FE) method to enable realistic predictions of the deformation of the penis. Unlike the linear elastic
models used in the literature to-date, hyperelastic isotropic/anisotropic material models are used to capture
material nonlinearity and anisotropy. The influence of material properties, morphological variations, material
nonlinearity and anisotropy are investigated. Moreover, the implantation of an inflatable penile prosthesis (IPP)
is simulated to assess the effects of the implantation procedure, material nonlinearity, and anisotropy on tissue
stresses. The results indicate that the interior layers of the penis do not affect the overall stiffness of the penis in
the indentation test, while the plate-compression test is able to capture the effects of these layers. Tunica
Albuginea (TA) is found to have the most significant contribution to the total stiffness of the penis under load. It
can also be observed that buckling occurs in the septum of the penis during the compression tests, and different
morphologies dictate different compressive behaviours. There is a clear need for future experimental studies on
penile tissues given the lack of relevant test data in the literature. Based on this study, plate-compression testing
would offer the most insightful experimental data for such tissue characterisation.

1. Introduction

Erectile dysfunction (ED) is an increasing male health concern esti-
mated to affect approximately 322 million men worldwide by 2025 [1].
Currently, ED is reported to affect 52% of the male population within the
age group of 40-70 [2], and its prevalence increases by about 10% for
each decade of life after 50 years [3]. Despite being so common, ED still
remains an undiagnosed and undertreated disease in many men, leading
to an inferior quality of life [4].

There are several treatment methods for ED including oral pharma-
cotherapy, topical/intraurethral alprostadil, low-intensity shock-wave
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therapy, vacuum erection devices, and intracavernous injection [5].
However, many ED sufferers (e.g., those suffering from diabetes or
vascular diseases) do not respond well to these therapies and are advised
to use penile implants [6]. Several types of penile implants are
commercially available such as malleable penile prostheses (MPPs), and
2- or 3-piece inflatable penile prostheses (IPPs). Penile implants consist
of a pair of cylinders which are placed in the corpus cavernosa (CC) of
the penis and can be inflatable (for IPPs) or non-inflatable (for MPPs).
IPPs also have a pump (in scrotal sacs) which enables the transportation
of fluid to the cylinders to increase pressure within them. In the 3-piece
IPP, a reservoir placed in the lower abdomen stores the fluid. Over 25,
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Fig. 1. (A) MRI scan and schematic of penis cross section [27], (B) the FE model constructed from the MRI scan.

000 IPPs are implanted in the US annually [7].

Although IPPs have been effective in dealing with ED, long-term
usage can cause tissue damage (e.g. fibrosis) and device malposition-
ing [8] due to the inflation/deflation of the cylinders. In addition, IPPs
can pose a risk of infection, bleeding/hematoma and there is also a risk
of mechanical failure of the device [8]. The mechanical survival rate of
the IPPs varies from 57 to 76% after 15 years of implantation [9]. The
limited durability of IPPs is linked to fibrosis, tissue erosion and me-
chanical durability which are all governed by the mechanical behaviour
of penile tissue and its interaction with the implant.

In silico modelling is a powerful tool for preclinical assessment of
medical devices and surgical treatment planning, and could therefore
offer the potential to improve outcomes for ED treatment. Such in silico
models can provide fundamental insights into the poor clinical outcomes
following IPP implantation in some patients, and can also be used to
optimise or even personalise device design and treatment procedures.
Well characterised mechanical properties of penile tissues and
anatomically accurate geometries of the penis are, however, key factors
for the development of reliable in silico models.

To-date, some studies have been conducted to develop FE models of
penile tissue and IPP implantation. Early studies on modelling the penis
showed the structural rigidity of the organ and the role of tunica albu-
ginea (TA) in load-bearing [10-12]. Gefen et al. [13] developed 2D
penile models which were used to assess the interaction between the IPP
cylinder and the penile tissue during erection and the levels of internal
stress generated in diabetic and non-diabetic patients [14]. Mohamed
et al. [15] showed the importance of a two-chambered penile structure
that possesses greater stability during erection. Another set of 3D
computational models analysed the stress distributions in an asymmetric
penis and patients with Peyronie’s disease [16]. Tissue properties ob-
tained from experiments conducted using indenters were used to
develop the model [17]. A study by Levy et al. [18] on a wide variety of
penile compression clamps (PPCs), demonstrated the importance of a
minor misalignment of the PCCs, leading to stress concentrations and
high tissue strains which could be associated with discomfort and pain.
These models have several limitations that reduces their usability for the
accurate prediction of clinical outcomes and device design optimisation.
The major limitation of these models is that the penile tissues have been
considered to be linear-elastic materials with somewhat arbitrary ma-
terial properties, that are not based on empirical data. Moreover, an
idealised anatomical geometry of the penis has been used in most of the
available FE models.

The lack of tissue properties used to develop the models is attributed
to the very limited reporting of penile tissue testing. A study by Timm
et al. [17] developed an indentation test for in vivo characterisation of
the mechanical properties of human penile tissue. However, this tech-
nique created local deformation in the tissues and was therefore rela-
tively insensitive to the mechanical properties of the internal layers such
as TA, CC, and corpus spongiosum (CS). Although some studies esti-
mated the stiffness (100 MPa) and tensile strength (0.001-0.01 MPa) of
TA using tensiometers, they did not report the strain generated in the

tissue [19]. A recent study by Brady et al. [20], characterised the tissue
properties of TA specimens with varying levels of calcification (0-28%
volume ratio). A very wide variation in tissue stiffness (11.8-55.3 MPa)
was observed due to the irregular specimen geometry, varying levels of
calcification and irregular mineralization patterns. A few studies have
reported the stiffness of CC (18.5-25.2 kPa) using shear wave elastog-
raphy (SWE), however, the full non-linear stress-strain behaviour cannot
be extracted from such techniques to inform the computational models
as SWE assumes linear elasticity [21-23]. To date, one study has re-
ported the stiffness of penile foreskin (2.85-3.01 MPa) [24], whilst there
is no mechanical data available for the penile fascial layers, to the au-
thors’ knowledge.

The lack of knowledge on the biomechanical properties of penile
tissues provides a significant obstacle to the development of pre-clinical
testbeds for next-generation IPPs with improved outcomes [25].
Cadaveric studies provide some insight into the mechanical properties;
however, such tissues are often fixed with formaldehyde resulting in a
stiffer tissue response as compared to fresh tissue [26]. Animal penile
tissue isalso not a good representative of the human tissue, as human
penis is significantly different from both smaller animals (e.g., rats and
rabbits) and larger animals (e.g., horses and dogs) in terms of anatomy.
Therefore, a non-destructive methodology is required for in vivo me-
chanical characterisation of human penis tissue layers.

This paper presents finite element simulations to study the me-
chanical responses of different layers of the penile tissue (such as TA, CC
and CS). A suitable mechanical test method where the overall me-
chanical response of the tissue is sensitive to the mechanical properties
of the internal layers of the penis is required for this investigation. In the
first part of this study, we show that in-vivo indentation test results,
proposed in Ref. [17], are not sensitive to the mechanical properties of
the internal penile tissue components (such as TA, CC and CS). There-
fore, this technique is not suitable for characterisation of the mechanical
properties of internal layers. We then propose a plate compression test as
an alternative method for the in vivo mechanical characterisation of
penile tissue, where the results of the plate compression test demon-
strate that it is more sensitive to the mechanical properties of CC, CS and
TA layers, compared to the indentation test. Using these FE simulations,
we also investigate the influence of material models and penile geom-
etry on the results of the plate compression test. Finally, we simulate the
IPP implantation procedure and compare the tissue response for
different device implantation scenarios.

2. Materials and methods

The sensitivity of the mechanical response of the intact penis to the
mechanical properties and shape/size of different penile tissue compo-
nents (i.e., TA, CC, and CS) are investigated using finite element (FE)
simulations in Abaqus 2022 (Simulia). The details of the FE models are
presented in the following sections.
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Mechanical properties of penile tissue components. TA = tunica albuginea, CC = corpus cavernosum, CS = corpus spongiosum, BF=Buck’s fascia, SF = superficial

fascia, S = skin, U = urethra, B = blood.

TA CC Cs BF SF S U B
p (MPa) 4.2857 0.0071 0.0071 25 25 0.1786 0.0071 0.0001
k (MPa) 20 0.0333 0.0333 116.96 116.96 0.8333 0.0333 0.005
Ref. [14] [14] [14] [27] [27] [14] - -

(€)

IPP

Fig. 2. Finite element model of (A) Indenter test, (B) Plate compression test, and (C) IPP implantation.

2.1. FE model of penis

The geometry of a penis cross-section is reconstructed from a mag-
netic resonance image (MRI) [27], as shown in Fig. 1. The reconstructed
model is composed of skin, Buck’s fascia, superficial fascia, tunica
albuginea (TA), corpus cavernosum (CC), corpus spongiosum (CS),
urethra, superficial dorsal vein, and deep dorsal vein. Due to the absence
of anatomical data in the axial direction, a 2D plane strain model is
created. Subsequently, a 3D model is recontructed by extruding the 2D
sketch.

Initially, a neo-Hookean (NH) isotropic hyperelastic model is used to
represent the mechanical behaviour of all tissue components. This
model is represented by the strain energy density function y as [28]:

L1y

”(7173)+5

y=3 €y
where, u is the initial shear modulus, « is the initial bulk modulus, J =
det (F) is the volume ratio, and I; = trace(C) is the first strain invariant.
F here represents the deformation gradient tensor and C = F'F is the
right Cauchy-Green tensor in which F = (J=/3)F. The values of y and x
are calculated based on the reported values of Young’s modulus and

Poisson’s ratio in the literature as presented in Table 1.
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Blood is modelled as a neo-Hookean material with a very low shear
modulus and high bulk modulus to represent an incompressible fluid.
Moreover, for the sake of simplicity, we ignore the role of the thin
urethra in the mechanical response of the tissue. The same material
properties as the CS are assigned to the urethra. The Poisson’s ratio of all
tissues (except blood) is assumed to be 0.4 [14], implying their repre-
sentation as compressible materials. A Poisson’s ratio approaching 0.5
results in infinite bulk modulus, signifying incompressiblity. In our case,
we assume compressibility given that the Poisson’s ratio is less than
0.45. The Poisson’s ratio of blood is assumed equal to 0.49 to enforce
incompressibility.

2.2. Testing approaches
2.2.1. Compression test simulation

2.2.1.1. Material properties. In order to study the effects of tissue
characteristics, an appropriate testing approach is required. To this end,
the only non-destructive full penile organ testing presented in the
literature is examined. This test technique, proposed by Timm et al.
[17], uses four indenters to impose force at four separate quadrants (F1,
F2, F3 and F4) of the tissue as shown in Fig. 2a. The indenters apply local
pressure to the tissue. Given this localised nature of the loading, an
alternative testing approach, namely a plate-compression test, was also
employed to establish if this alternative test method would provide
additional insights into the mechanical behaviour of the individual tis-
sue components. In this approach, two rigid plates impose a compressive
load on the tissue as shown in Fig. 2b. In the next section, we show a
comparison between the indentation and compression tests using the FE
simulations. The realistic geometry of the penis’ cross section obtained
from MRI (Fig. 1a) is used to generate the 2D FE model. The results of
this comparison are discussed in section 3.1. In this study, we investigate
the influence of morphology, material nonlinearity, material anisotropy,
and implantation procedure on the mechanical response of the penile
tissue.

2.2.1.2. Morphological variations. To illustrate the effect of morphology,
four different penile cross-sectional geometries are considered. The first
geometry corresponds to the idealised geometry obtained from MRI,
called the baseline. In all subsequent cases, all the parameters are con-
stant except CC and CS are scaled up by a factor of 1.07 and 1.12,
respectively. To study the effects of morphological variations, we
compare the results of the baseline geometry with geometries with
bigger CC, bigger CS and non-symmetric CC.

In addition, three different thicknesses of TA are compared to the
baseline. The outer boundary of TA is adjusted using scale factors of
0.98, 1.02, and 1.05 relative to the baseline. It is important to note that
the boundaries of the remaining layers remain unchanged; specifically,
only the Buck’s fascia layer becomes thinner as the TA thickness
increases.

2.2.1.3. Material nonlinearity. To study the effect of material nonline-
arity, the Ogden hyperelastic model is utilised. This constitutive model is
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Table 2

Material parameters of the Ogden hyperelastic model for tunica albuginea ob-
tained from the experimental data in Ref. [20] and the values of Young’s
modulus and Poisson’s ratio reported in Ref. [14].

p1 (MPa) o p2 (MPa) o D; (MPa ™) D, (MPa™")
0.8 8.0 0.8 -8.0 0.001 0.001
2.14285 8.0 2.14285 —8.0 0.1 0.1

Table 3

Material ~parameters of neo-Hookean

hyperelastic model for tunica albuginea ob-
tained from the experimental data [20].

1 (MPa) x (MPa)

1.6 2000

able to capture a higher level of nonlinearity in the stress-strain
behaviour when compared to the neo-Hookean model. The strain en-
ergy density function of the Ogden model is [26].

N

N
,M a —a; 2i
y= 27(1 Ik =3) ) G U ©)

where 2; =J1/3); (i=1,2,3) are the distortional principal stretches,
D; = 2/k; and @; are material parameters. The initial shear and bulk
moduli for the Ogden form are given by

al 2
=S ke = — @
Ho ;Il 0 D,

In this study, two separate sets of material properties have been used for
TA, from Brady et al. [20] and Gefen et al. [14]. First, the ogden
hyperelastic model is adopted to match the experimental data from
tensile tests on TA from the work by Brady et al. [20]. It is noted the TA
used in Ref. [20] was obtained from participants suffering from Peyro-
nie’s disease. We considered the specimen with minimum fibrotic and
calcified portion as representative of healthy tissue. The calibrated pa-
rameters of the Ogden model are presented in Table 2. The corre-
sponding small strain Young’s modulus and Poisson’s ratio are
calculated from the parameters in Table 2, using the relationship be-
tween Lamé’s constants. Then, the material parameters of the
neo-Hookean hyperelastic model are calculated using these Young’s
modulus and Poisson’s ratio as shown in Table 3. Second, material pa-
rameters (u1, 2, D1 and D) of the Ogden hyperelastic model for TA
(Table 2) are obtained from the reported values of Young’s modulus and
Poisson’s ratio by Gefen et al. [14] corresponding to the neo-Hookean
parameters introduced in Table 1 (u; = p2 = u/2 and D, = Do = D).
Here, a second-order Ogden model with the same nonlinearity level (a1
= -ap = 8) is employed for a better comparison with the parameters
calibrated from Brady et al. [20]. Thereafter, the FE simulations are
carried out using the Ogden hyperelastic and neo-Hookean hyperelastic
models under the plate compression test and the remaining tissue layers
are defined using Table 1.

2.2.1.4. Material anisotropy. Previous studies available in the literature
indicate that the TA has different stiffness in different directions due to
fibre orientations within this layer [30-33]. To capture the role of ma-
terial anisotropy, TA is assumed to be a fibrous material that can be

Table 4
Material parameters of Ogden hyperelastic model for corpus cavernosum (CC)
estimated based on the shear modulus presented by Gefen et al. [14].

1 (MPa) o jo (MPa) oy D; (MPa™ 1) Dy (MPa™ 1)

0.00355 8.0 0.00355 -8.0 60.06 60.06

Computers in Biology and Medicine 166 (2023) 107524

defined using the Holzapfel-Gasser-Ogden (HGO) anisotropic hypere-
lastic model. The strain energy density function for the HGO model in
Abaqus is defined by the following function [34,35].

N

Z{MF)Z ] ;(Jzzflflnj) ®)

i=1

w=Co( 11*3

where Cy¢ and k; are stress-like material parameters which denote the
initial (isotropic) stiffness and fibre stiffness, respectively, and k3 is a
dimensionless material parameter representing the nonlinear contribu-
tion of fibres to the total strain energy, D is a material parameter which
has an inverse relationship with the bulk modulus to represent material
compressibility (D > O represents the compressible tissue while D =
0 denotes the incompressibility condition), and N denotes the number of
families of fibres within the material. Also,
E=d(I; -3) + (1 -3d)(I; —1) in which d expresses the level of disper-
sion in the fibre directions (d = 0 means that the fibres are perfectly
aligned and there is no dispersion in them, the maximum value for this
parameter is 1/3 which means fibres are randomly oriented and it acts as
an isotropic material), and Iy = C : (a; ®a;) is an invariant of the right
Cauchy-Green tensor C = FFand A; = a; ® a; in which a; are direction
vectors of each corresponding family of fibres. Note that N in Eq. (4) is
the number of fibre families and (x) = (x+|x|) /2 is the ramp function.

Since Cjg represents the stiffness of the matrix material, the same
shear modulus for TA presented in Table 1 is used to define this
parameter, C19 = u/2 = 2.14285 MPa, and the compressibility param-
eter is defined using the bulk modulus of TA presented in Table 1 as D =
2/k = 0.1 MPa~!. We also use a neo-Hookean model with the parameters
of Table 1 for other layers. To assess the influences of k; and k2 on the
total compressive stiffness of the whole tissue, a 2D finite element model
is employed. In this case, the fibre orientation is assumed circumferen-
tial in TA where the fibres follow the elliptical shape of CC as shown in
Fig. 7 and the dispersion of fibres is assumed fully aligned, d = 0. To
assess the effects of fibre orientation and dispersion on the compression
test response, a 3D finite element model is created to describe the out-of-
plane fibre directions. The same cross-section shown in Fig. 1b is
extruded to form a 30 mm 3D geometry of the penis. In this 3D simu-
lation, TA is defined by the HGO model with C1g = u/2 = 2.14285 MPa,
D=2/x=0.1 MPa !, k; = 10 and ky = 10, and the rest of the layers are
defined by a neo-Hookean model with parameters shown in Table 1.
Three cases have been outlined for the fibre angle, a, in TA; a =
0° (longitudinal direction of fibres), a = 90° (circumferential direction
of fibres), and @ = 45° (helical direction of fibres).

2.2.2. FE simulation of IPP implantation

2.2.2.1. IPP implantation procedure. In addition, an IPP implantation is
simulated based on the MRI-based geometry and neo-Hookean hypere-
lastic models with the properties shown in Table 1. In this simulation,
two cylinders are implanted into CC (see Fig. 2c¢) and expanded to
simulate the erectile conditions. IPP deployment in CC is performed for
two different clinically relevant scenarios: (i) Corpus cavernosum tissue
is removed so that the cylinders fit into the cavity after tissue removal
(Scenario I), and (ii) no tissue is removed, and the cylinders are pushed
into the tissue and then inflated (Scenario II). To simulate Scenario I,
two holes of diameter 12 mm are made in the CC chambers and two
cylinders of outer diameter 12 mm are implanted in the holes. A radial
displacement of 1.5 mm is applied to the outer surface of the cylinders.
In implantation without tissue removal (Scenario II), a dilator is used to
dilate the corpora in order to facilitate the insertion of cylinders into CC.
Therefore, to simulate scenario II, smaller holes with diameters 6 mm
are created in the CC chambers and two cylinders of outer diameters 6
mm are implanted in these holes. The radial displacement for this sce-
nario is 4.5 mm, therefore, the initial diameter of the holes in scenario II
is half that of Scenario I, yet the final diameters after IPP expansion are
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Fig. 3. Influence of the mechanical properties of Tunica Albuginea (TA) (first row), Corpus Cavernosum (CC) (second row), and Corpus Spongiosum (CS) (third row)

on the overall response of the penis in the indentation test.
the same for both.

2.2.2.2. Material nonlinearity. A second-order Ogden hyperelastic
model is employed to investigate the effect of material nonlinearity on
the IPP expansion simulations. Three cases are considered: (i) Ogden
model is used for CC and neo-Hookean model for all other layers (case
1); (ii) Ogden model is applied to TA (based on Table 4 where the initial
shear modulus is based on the results presented by Gefen et al. [14])
while neo-Hookean model is used for all other layers (case 2); (iii) Ogden
model is applied to TA (based on Table 2 where the parameters are
extracted from the experiments performed by Brady et al. [20]) and
neo-Hookean model is used for all other layers (case 3). The Ogden

model parameters used for CC are shown in Table 4 (for case 1). In this
table, y;, yi, and D, are estimated using Eq. (3), D is assumed the same
as Dy, and a; = —a = 8 is used to consider a similar level of nonline-
arity compared to TA.

2.2.2.3. Material anisotropy. Similar to section 2.2.1.4, the HGO
anisotropic hyperelastic model is employed to describe the effect of
material anisotropy on IPP expansion. This model is applied to TA (C1o
= u/2 = 2.14285 MPa and D = 2/x = 0.1 MPa™!) and other layers are
defined using the neo-Hookean model (Table 1). For the sake of
simplicity, only the first scenario of IPP implantation is used in this
section. Also, only point 3 (at the middle of TA septum) is considered for

10 Ei=2.4 MPa 3 [*+re E.=0.004 MPa d 3 feara B,=0.004 MPa /%
° Eu=12 MPa o E.=0.02 MPa o E.=002 MPa /(&
s —E..—0.1 MPa, — E, =01 MPa/&*
— B ) Q‘
g : ) 5
=3 z LL‘
O 1 1
00°°°°
Oooooo annt
000000 a s nn e
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Fig. 4. Influence of the mechanical properties of Tunica Albuginea (TA), Corpus Cavernosum (CC), and Corpus Spongiosum (CS) on the overall response of the penis

in the plate compression test.
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Fig. 5. Influence of morphological variations of the penis on its overall mechanical response in the compression test; (A) the force-displacement responses of four
cases, (B) the compression mechanisms for each case, and (C) the force-displacement responses for different TA thicknesses.

the results analysis.

A mesh study is performed to determine the required mesh density
for a converged solution; 5284 quadrilateral elements for 2D compres-
sion/indentation tests, 7856 quadrilateral elements for 2D IPP-
expansion simulation (Scenario I), 14,599 quadrilateral elements for
2D IPP-expansion (Scenario II), 338,160 hexahedral elements for 3D
compression test, and 949,275 hexahedral elements for 3D IPP-
expansion simulation, are found to be sufficient for convergence of the
results and minimum change in the reaction force for the compression
test and von Mises stress for IPP inflation (<1%).

3. Results and discussions
3.1. Compression test simulation

3.1.1. Role of mechanical properties

The results show that the force-displacement curves for each actuator
in the indentation test are not sensitive to variations in stiffness of the
different layers (i.e. TA, CC, and CS), in the investigated range of dis-
placements. This is illustrated in Fig. 3. The reason for such a response is
that the indentation test induces only local deformations under the in-
denters rather than a bulk deformation of the whole tissue. In contrast,
the plate compression test shows sensitivity to changes in tissue prop-
erties because it induces deformation in the whole tissue domain and the
overall response of the whole organ is influenced by the stiffness of each

layer. The results obtained from the plate compression testing also
indicate that TA stiffness dominates the force response of the organ.
Fig. 4 demonstrates the plate compression test results.

3.1.2. Role of morphological variations

The results indicate that the morphological variations have a
considerable impact on the total stiffness of the tissue, as shown in Fig. 5.
The baseline penis geometry experiences a weakening at u = 6.3 mm
where the TA septum buckles followed by a decrease in the total stiffness
of the penis. The bigger CC model requires less force than the baseline
model due to the reduced thickness of TA (TA is much stiffer than CC)
with a thinner septum as the size of CC increases. Therefore, the buck-
ling of the septum occurs sooner (<u = 3 mm) and the tissue fails at a
lower displacement. Although the tissue’s stiffness in Bigger CS is less
than Baseline due to the thinner TA, the buckling surprisingly happens at
a higher displacement (u = 9 mm). This is due to the fact that the septum
has more space (bigger CS) to move under the applied load until it ex-
periences the compressive load to buckle (see supplementary files). In
this case, there is a higher compressive strength after the buckling of the
septum. Asymmetry in the geometry with non-symmetric CC causes
early buckling of the TA septum between the left and right CC. Following
this, a mixture of septum bending and CS compression is observed which
allows the tissue to have a better resistance during the compression, that
is, bending of the septum doesn’t occur quickly because the energy
applied is simultaneously consumed to bend the septum and compress
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NH model based on Gefen et al. [14] (Table 1)
= = =0gden model based on Gefen et al. [14] (Table 2)
NH model based on Brady et al. [20] (Table 3)
= = =Q0gden model based on Brady et al. [20] (Table 2)

Fig. 6. Influence of material nonlinearity of Tunica Albuginea (TA) on

u (mm)

overall response of penile tissue in compression testing.

the
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the CS. When the CS is fully compressed (u = 7.5 mm), the septum bends
more easily, resulting in the observed drop in the stiffness of the tissue.

In Fig. 5C, we analyse the impact of TA thickness, observing that a
thicker TA—resulting in a thinner fascia layer—correlates with reduced
stiffness in the tissue during the plate-compression test. It is important to
note that this altered thickness does not affect the point of tissue
weakening (buckling), thus confirming that the septum governs buck-
ling. Note that the TA septum thickness remains identical to the baseline
across these three scenarios.

3.1.3. Role of material nonlinearity

The results reveal the significant role of material nonlinearity on the
overall mechanical response of the penis, highlighting the importance of
layer-specific mechanical characterisation of penile tissue, as illustrated
in Fig. 6. This figure shows that changing the material nonlinearity can
change the compressive behaviour of the tissue where the increase in the
stiffness is followed by a weakening response due to septum buckling. In
fact, the level of nonlinearity in the Ogden hyperelastic model is higher
than the neo-Hookean hyperelastic model, therefore, the former is able
to sustain a higher level of nonlinear stresses during the compression.
This can affect both the total tissue stiffness and septum buckling. It is
observed from Fig. 6 that both hyperelastic models have the same
response in smaller displacements (u < 4 mm), while for larger dis-
placements, the results are considerably different.
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Fig. 7. Influence of parameters (A) k; (ko = 10) and (B) ky (k; = 10 MPa) used in TA on the overall response of penile tissue in compression test.
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(A) Influence of fibre orientation in TA on the overall response of penile tissue in compression testing (d = 0). (B) Different fibre orientations in TA.
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Fig. 9. Influence of fibre dispersion in TA on the overall response of penile
tissue in compression testing (« = 90).

3.1.4. Role of material anisotropy

The influence of k; and k; on the total compressive stiffness of the
tissue is illustrated in Fig. 7a and b, respectively, where the HGO model
predicts a stiffer tissue than the neo-Hookean model. At high displace-
ments, the stiffness of the tissue increases as kj increases. Although
changing k; has an impact on the overall compressive response, as
compared to Neo-Hookean, increasing this parameter does not markedly
change the overall tissue response.

Fig. 8a shows the effects of fibre orientation on the 3D compression
test. As can be observed, the circumferentially oriented fibres in TA
cause the most dramatic stiffness increase in the compressive response of
the penile tissue. In contrast, the longitudinal fibres orientation has a
negligible impact. In fact, fibres do not contribute to the compressive
stiffness of the tissue in @ = 0. The influence of fibre dispersion is
depicted in Fig. 9. Note that d = 0 means that fibres align perfectly in the
circumferential direction, and d = 0.333 refers to an isotropic material
and in this case leads to the same results as the longitudinal fibre
orientation.

3.2. FE simulation of IPP implantation

3.2.1. IPP implantation procedure

The results of an IPP implantation simulation for the two deployment
scenarios are shown here. As shown in Fig. 10, three points in the tissue
(two points in CC and one point in TA) are considered for results anal-
ysis; point 1: the inner side of CC between the cylinder and the septum

0000000000000
8RREIRARKIRBIE

von Mises Stress (MPa) cC
(Avg: 75%)
. Qnt 2
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where the maximum stress in CC occurs (Inn_CC), point 2: the outer
layer of CC between the cylinder and the septum (Out_CC), and point 3:
the middle of the septum in TA (Mid_TA) where the maximum stress/
strain in TA can be observed. The von Mises stress in the two scenarios of
IPP implantation/expansion are compared in Fig. 11. The results indi-
cate that the tissue generally undergoes a higher stress in the second
implantation scenario, as more expansion is needed in this scenario. The
biggest difference between these two scenarios can be measured in point
1 and the smallest difference occurs at point 3.

3.2.2. Role of material nonlinearity

The von Mises stress difference percentages between scenarios I and
1I for all three points mentioned in section 3.2.1 and all cases defined in
section 2.2.2.2 are compared in Table 5. The stress differences are
calculated for the maximum expansion (D = 15 mm). More remarkable
differences are found between the first and second scenarios while using
the Ogden model for CC (Case 1), as increasing the material nonlinearity
allows CC to deform nonlinearly (with higher-level of nonlinearity). In
addition, for Case 2 and Case 3 (the Ogden material models in TA) and
while employing the neo-Hookean model for all layers, the greatest
differences can be observed in the inner point of CC (point 1). It can be
concluded that CC is more sensitive to material nonlinearity, and it is
therefore crucial to define an appropriate material model for this layer
to capture realistic material nonlinearity during IPP expansion.

The von Mises stresses obtained from the case in which all layers of
penile tissue are neo-Hookean materials are compared to those obtained
from Cases 1, 2 and 3 (including the Ogden hyperelastic model), as
illustrated in Fig. 12. The figure reveals that material nonlinearity
significantly affects the tissue stress level during IPP expansion. Due to
the fact that CC plays an important role in IPP expansion, from an early
stage of the expansion, Case 1 shows different stress levels compared
with the CC neo-hookean model and the stress difference begins from
the lower level of expansion (D = 13.5 mm). Although this deviation
from the neo-Hookean model occurs later in cases 2 and 3 (respectively
in D = 14.25 mm and D = 14 mm), these cases display a higher level of
nonlinearity. The main observation concluded from Table 5 and Fig. 12
is that CC plays the most important role in IPP expansion. Note that only
scenario I and point 3 (Mid-TA) are considered in this figure for the
brevity of the results.

3.2.3. Role of material anisotropy

The influences of k; and ko on the IPP expansion simulation are
illustrated in Fig. 13. The results indicate that the fibre stiffness (k)
considerably influences the von Mises stress calculated in the TA septum
(Fig. 13a) at higher levels of expansion (D > 14 mm). k3 also appears to
have a greater impact on material behaviour during IPP expansion
simulation compared to the compression test, see Fig. 13b and Fig. 7b.
This is due to the fact that the level of fibre stretch in expansion is higher
than during the compression testing.

Fig. 10. Three points chosen to compare the results between the two scenarios (this plot shows the first scenario of implantation in which the cylinder’s outer

diameter is 13.8 mm).
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Table 5
The percentage of the von Mises stress difference between scenarios I and II
when the outer diameter IPP cylinder is D = 15 mm, von Mises stress difference

Snu—S
(%) = 100 x% where S; and Sy are von Mises stresses calculated for sce-
11

narios I and II, respectively.

Point 1 Point 2 Point 3
(Inner_CC) (Outer_CC) (Mid_TA)
Case 1 96.46 96.42 97.12
Case 2 25.20 9.40 13.66
Case 3 50.97 10.82 9.23
neo-Hookean model (all 39.16 11.51 14.05
layers)

When looking at fibre angles, similar to the compression test, a = 90
produces the highest stress level in the septum, whereas a = 0, longi-
tudinal fibres, approximately reproduces the isotropic condition, see
Fig. 14. Fibre dispersion in the 3D IPP expansion simulation, where the
fibre direction is assumed to be circumferential (o« = 90), shows that the
stress responses changes from an anisotropic (d = 0) state to the
isotropic one (d = 0.333) as d increases, see Fig. 14b.

4. Concluding remarks

This paper presents a finite element-based computational study to
characterise the mechanical behaviour of penile tissue and evaluate
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Fig. 12. Influence of material nonlinearity in the IPP expansion simulation
(scenario I and point 3 (Mid_TA)).

testing regimes. The role of different parameters in the mechanical
response of the tissue, and the interaction between the penile tissue and
an inflatable penile prosthesis (IPP) have been investigated.
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Hyperelastic material models and an idealised MRI-based geometry
have been employed to investigate the mechanical behaviour of penile
tissue under both compression and expansion.

The results obtained reveal that an indentation test is not an
appropriate non-destructive testing approach to examine the mechani-
cal characteristics of penile tissue, and that plate-compression testing
offers an alternative in which the effects of material properties of each
layer are measurable. Therefore, this compression test has been
employed, in this paper, to explore the roles of morphology, material
properties, nonlinearity, and anisotropy in the compressive stiffness of
the tissue. According to the results obtained from the compression test
simulations, the shape and size of each layer play an essential role in the
global stiffness of the tissue. Another key factor is the type of material
model used for each layer. The hyperelastic material models are able to
describe the more realistic mechanical response of the tissue, both ma-
terial nonlinearity and anisotropy, when compared to the linear elastic
model. Material nonlinearity influences both the compression and
expansion behaviour of the tissue, while the role of material anisotropy
is more significant in the IPP expansion simulation. Moreover, two
scenarios of IPP implantation have been examined in this paper. These

scenarios are based on the conventional procedures to implant IPP inside
the penis, with and without tissue removal. The results indicate that
implantation without tissue removal results in more tissue compression

during the IPP expansion. As a result, higher stresses occur in the most
affected layers, CC and TA. It can be concluded that using a highly
nonlinear material model (e.g. the second-order Ogden hyperelastic
model) in CC can strongly affect the response of whole tissue to IPP
expansion. The finite element simulations of IPP implantation developed
in this paper provide a predictive tool to assess the performance of the
IPP implantation procedure. The results of this study lay the foundation
for creating anatomically and biomechanically accurate in silico penile
models. Such models hold the potential to serve as a platform for testing,
optimising, and re-designing IPP procedures, with the aim of enhancing
the overall efficacy and long-term success of these surgical in-
terventions. Additionally, such models aid manufacturers and clinicians
in minimising surgical difficulties, post-implantation complications and
common tissue-device interactions such as fibrosis associated with IPP.
However, the integration of a 3D penis scan to define the penile geom-
etry would enhance the precision of the 3D model, thus potentially
yielding simulation outcomes that more closely align with real-world
expectations.

Future studies should concentrate on the mechanical characterisa-
tion of penile tissues due to the limitation in the testing data in the
literature. The material models and some material parameters used in
this study are hypothesised in order to predict the tissue responses, make
comparisons, and elucidate the effect of different parameters. To better

10
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understand the mechanics of the tissue, a comprehensive experimental
study involving full organ testing and mechanical testing on individual
layers is needed. As this study reveals, the mechanical properties of each
layer, especially TA and CC, are vitally important in both the compres-
sion and expansion of penile tissue. Such experimental characterisation
on TA and CC will be highly beneficial to develop a more realistic and
robust penile model. In addition, the experimental plate-compression
test or full-circular testing would provide the possibility of implement-
ing an inverse finite element method (iFEM) to acquire the material
parameters for individual layers (i.e. CC, CS, TA). The demonstrated
importance of penis morphological variations on the mechanical
response of the tissue also supports the need for in vivo imaging of ED
sufferers to enable development of patient specific FE models and in
silico models of virtual IPP implantations. Due to the absence of me-
chanical data from in vivo IPP performance, an extensive experimental
study focusing on inflation/deflation of IPP devices into penile tissues
will be vitally important. Then, the developed finite element simulation
results can be compared and validated against such experiments.
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