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Anisotropic Mechanical
Response of Bovine Pericardium
Membrane Through Bulge Test
and In-Situ Confocal-Laser
Scanning
In this work, we present a new experimental setup for the assessment of the anisotropic
properties of Bovine Pericardium (BP) membranes. The chemically fixed BP samples
have been subjected to a bulge test with in situ confocal laser scanning at increasing
applied pressure. The high resolution topography provided by the confocal laser scan-
ning has allowed to obtain a quantitative measure of the bulge displacement; after poly-
nomial fitting, principal curvatures have been obtained and a degree of anisotropy (DA)
has been defined as the normalized difference between the maximum and minimum prin-
cipal curvatures. The experiments performed on the BP membranes have allowed us to
obtain pressure-displacement data which clearly exhibit distinct principal curvatures
indicating an anisotropic response. A comparison with curvatures data obtained on iso-
tropic Nitrile Buthadiene Rubber (NBR) samples has confirmed the effectiveness of the
experimental setup for this specific purpose. Numerical simulations of the bulge tests
have been performed with the purpose of identifying a range of constitutive parameters
which well describes the obtained range of DA on the BP membranes. The DA values
have been partially validated with biaxial tests available in literature and with suitably
performed uni-axial tensile tests. [DOI: 10.1115/1.4056398]

1 Introduction

Bovine pericardium (BP) is a collagenous tissue which is
largely adopted for the manufacturing of bioprosthetic heart
valves (BHVs) [1]. This material shows a time dependent and a

nonlinear stress/strain response [2,3]. Prior to be used for medical
purposes, the tissue is sterilized and it is rendered inert by chemi-
cal fixation with glutaraldehyde. Indeed, glutaraldehyde-fixed
bovine pericardium (GLBP) is employed in six of nine CE-
marked BHV devices [4].

Bovine pericardium membranes contain a small amount of elas-
tin and multidirectional bundles of collagen embedded in an
amorphous matrix which induce mechanical anisotropy. The
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collagen fibers, primarily of type I, have a preferential directional-
ity and constitute the main component of the tissue [3,5,6]. As the
collagen fibers are the major load bearing components, their
arrangement determines the mechanical response of the tissue
upon loading [1,4,5].

Despite the relevance of the collagen network on the mechani-
cal anisotropy of BP membranes, the standard ISO 5840 for the
design and manufacture of prosthetic heart valves does not require
to characterize the collagen fiber architecture and to identify their
preferential direction [4]. Therefore, BHVs are generally not
designed to exploit the tissue anisotropy in a systematic way [6].
This has important implications in the performance of BHV leaf-
lets, whose fatigue life can be significantly reduced if design of
the device does not account for principal material directions.
Moreover, the orientation and the alignment of the fibers with
respect to the in vivo loading directions are two critical factors to
prevent the onset of mechanical damage and to delay and mini-
mize the calcification [7].

In previous studies, BP has been characterized mainly through
in plane and out of plane mechanical tests [8]. As for the in-plane
tests, the BP has been investigated by means of uni-axial mechani-
cal tests, both static [1,4,9,10] and cyclic [1,4], and through biax-
ial stretching [9–13]. For what concerns the out of plane
mechanical tests, bulge test can be used. In this case, the mem-
brane is subjected to a pressure on its surface representing a more
realistic mimicking of the in vivo loading conditions [14,15].
Nevertheless, this test has been used to investigate the properties
of BP only in a few studies: Zioupos et al. [2] have studied the
anisotropy of the tissue while Whelan et al. [16] have investigated
the correlation between the collagen fibers dispersion and the
fatigue life.

The identification of the preferential directions of the collagen
fibers and of the degree of anisotropy can be performed through
direct and indirect experimental methods. Examples of direct
methods are multiphoton microscopy [14,15], small angle light
scattering [1,4,12,16] or polarimetric fiber alignment imaging
[17]. While, indirect methods are typically based on digital image
correlation (DIC) [16,18] or Moirè fringes production [2].

The aim of this study is to evaluate the degree of anisotropy of
GLBP membranes through a mechanical bulge test and simultane-
ous confocal laser microscopy.

Furthermore, the experimental scenario has been also repre-
sented through a finite element model with the purpose to deter-
mine ranges for constitutive parameters with particular reference
to the anisotropic properties of the tissue. The degree of anisot-
ropy found through bulge experiments has been partially validated
by means of suitably developed uni-axial tensile tests.

2 Materials and Methods

2.1 Material Samples. The samples of BP have been fixed in
a 0.5% glutaraldehyde solution for 72 h; subsequently patches
with size 50� 50 mm have been cut and stored in a bacteriostatic
solution (Steridet

VR

). The thickness of each patch has been meas-
ured in three points picked in the central region by means of a cal-
iper and the average thickness has been determined; the patches
have been then grouped in thickness classes as follows:

(1) 0.4� 0.5 mm: 10 samples characterized by an average
thickness of 0:4460:03 mm

(2) 0.5� 0.6 mm: 18 samples characterized by an average
thickness of 0:5560:03 mm

(3) 0.6� 0.7 mm: 9 samples characterized by an average thick-
ness of 0:6560:02 mm

2.2 Experimental Setup: The Bulge Test. The bulge test
setup is composed by: a bulge test device and a pressure delivery
system. The bulge device is composed by an upper and a lower
die; these are aluminum parallelepipeds with a cross-sectional

area of 90� 90 mm and a thickness of 5 mm. A circular bulge
window (ø¼30 mm) is located in the center of each die. The two
dies are tightened by means of eight bolts. O-rings (øi ¼ 40 mm;
øe ¼ 44 mmÞ are used to guarantee a water-proof system. The first
o-ring is positioned at the interface between the BP and the lower
die, while the second one is placed between the cylindrical con-
nector and the water chamber (Fig. 1).

The pressure on the lower surface of the BP is provided by
means of a water column; the pressure is controlled by changing
the height of the water in the column. The lower die has a cylin-
drical connector to host a PVC chamber in which the water is col-
lected. This component has an external diameter of 40 mm, an
height of 40 mm and a thickness of 5 mm. In the lower part of the
chamber there is a circular hole (ø¼6 mm) in which a tube, used
to connect the device to the water column, is inserted. Once the
water column is connected to the bulge test device, the water fills
the circuit, according to the communicating vases system. The
system is filled with water before the BP membrane is put in place
in order to eliminate air in the circuit. The BP is positioned on the
lower die, covering the first o-ring and the upper die is placed
upon it. As soon as the bolts are sufficiently tightened, the device
is positioned on the confocal microscope tray. After bolts tighten-
ing, the membrane gets compressed and, owing to its nearly
incompressible response, a nonplanar configuration is observed
within the circular window. A tiny initial water pressure of
0:1 kPa is delivered to the sample in order to obtain a configura-
tion characterized by a uniform curvature. This configuration is
considered as a reference shape for subsequent displacement
measurements.

The bulge test is performed by a progressive stepwise increase
of the water pressure, with increments of 0:1 kPa until water leak-
age through the BP membrane, owed to the intrinsic tissue perme-
ability, is observed.

Two isotropic membranes of Nitrile Buthadiene Rubber (NBR)
material have been tested following the same procedure, with the
purpose to test the efficacy of the anisotropy assessment.

2.3 Experimental Setup: The Confocal Laser Scanning
Microscopy. High resolution three-dimensional topography of
the top BP surface within the circular hole has been obtained
using a confocal laser scanning microscope (LEXT OLS4100,
Olympus, Tokyo, Japan) with a laser wavelength of 406 nm. The
laser scans have been performed at the initial pressure 0.1 kPa and
at each pressure level in the stepwise load program.

The acquisitions have been performed with a 5� lens, a long-
distance objective (20 mm) with a field of view (FOV) of
2560 lm. As a creep behavior is expected for biological mem-
branes, a steady-state condition has been first attained by setting a
3 min holding time before acquisition. A three dimensional high
resolution topography has been obtained by imaging and setting
the objective lenses at multiple z-positions with a separation of
acquisition planes along the z-direction of 20 lm; this separation
is a compromise between resolution and timing; the resolution in
the vertical direction is equal to 10 lm, while the one in the plane
is equal to 2.5 lm.

Since the FOV of the selected objective is insufficient to cap-
ture the behavior of a significant portion of the tissue, a stitching
procedure has been performed by acquiring subregions
(2560� 2560 lm) and subsequently merging different images
with the aim of having one larger single image (12� 12 mm) with
the same resolution as that obtained on the single subregion. The
matrix (5� 5) of subregions on which the stitching is performed
has been placed in the center of the circular window, prior to the
first acquisition, and it has been kept constant for all pressure
levels.

2.4 Experimental Data Analysis. The confocal laser micro-
scope provides a high resolution topography as a cloud of points
for each pressure level of the test. The cloud of points is in the
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form z(x, y) in which z is the vertical position of a point of the sur-
face with respect to a reference plane, this latter being the same
for all pressure levels; while x and y are the surface point positions
on the horizontal plane. At the start of each test, a high resolution
map of a portion of the top die has been also performed with the
aim to determine and correct potential tilting of the images.

Subsequent experimental data analyses have been performed by
means of suitably developed MATLAB code (MATLAB 2021). The
cloud of points in the form z(x, y) has been interpolated by using
fourth order polynomial functions f iðx; y; piÞ, in which pi is the i-
th pressure level. Cartesian curvatures have been obtained through
second order numerical derivative:

vi
xx ¼

@2f i x; y; pi
� �

@x2
; vi

yy ¼
@2f i x; y; pi

� �

@y2
; vi

xy ¼
@2f i x; y; pi

� �

@x@y

(1)

Principal curvatures vi
max and vi

min have been obtained by finding
eigenvalues of Eq. (1). The degree of anisotropy (DA) has been
defined as:

DAi ¼
vmax � vminð Þ

vmin

���
i

(2)

in which vmax and vmin are the principal curvatures calculated at
the point where the maximum displacement is found. Isotropic
membranes are expected to have DA¼ 0; while anisotropic
response is characterized by DA> 0.

The maximum vertical displacement has also been determined
at each pressure level (zi

max). As the configuration at pressure
0:1 kPa is considered as a reference, for each pressure level, the
relative vertical displacement Dzi has been computed as follows:

Dzi ¼ zi
max � z0

max (3)

in which z0
max is the maximum displacement found at p ¼ 0:1 kPa.

2.5 Statistical Analysis. A normality test (Kolmogorov–S-
mirnov) has been run for each experimental dataset (pressure level
and thickness group); displacement data and DA data have been
analyzed.

Significant statistical differences have been tested by means of
the Mann–Whitney test for the three classes of thickness, com-
pared at groups of two.

2.6 Uni-axial Tensile Tests for the Validation of the
Degree of Anisotropy. In order to have a partial independent val-
idation of the DA assessed through the bulge test and confocal
laser scanning, uni-axial tensile tests have been performed on rec-
tangular samples of a pericardium membrane, and a DA has been
determined.

Rectangular samples (25 mm� 5 mm) have been cut using a
blade from square patches 50 mm� 50 mm. Thickness of the sam-
ples has been measured following the same procedure as the one
described above.

In order to determine the principal material directions, prelimi-
nary tests have been made on samples oriented along four differ-
ent orientations. The principal material directions have been
identified by selecting the orientation for the stiffest response and
the perpendicular one. Uni-axial tensile tests have been performed
using two 15 mm translational stages, with DC gear motor and a
high resolution encoder (M-111-1DG1, 200 nm motion resolution,
Physik Instrumente, Karlsruhe, Germany); a load cell of 50 N
maximum load and 0.1% of nominal sensitivity (model 8417-
5050, Burster) has been used to measure the force. The samples
have been subjected to two opposite longitudinal displacement so

to have the central part of the sample in a steady position during
the test below the objective of a microscope. All tests have been
run keeping the sample in wet conditions.

The strain in the central part of sample has been estimated
by means of the DIC. To this purpose, a pattern is realized by
means of an airbrush using a water-based black tint, specific for
the airbrush usage (procolor #61024 HANSA

VR

). The pattern has
been observed throughout the test by means of the stereomicro-
scope SZ61TR, by Olympus. A region of interest has been
selected on the pattern and an average strain along the loading
direction has been assessed through the open source two-
dimensional package Ncorr. An average value on the
5 mm� 2.5 mm region of interest has been obtained using the
large strain formulation.

The DA in uni-axial tensile data has been determined similarly
to Eq. (2) as:

DA ¼ jrmax � rminj
rmin

(4)

at different strain levels.

2.7 Finite Element Modeling of the Bulge Test. A finite ele-
ment model of the experiments has been developed by using the
commercial code ABAQUS.

The model is composed of three parts: the upper die, the BP
membrane and the lower die. The two dies are modeled as par-
allelepipeds with a square section (90� 90� 5 mm) having a
central circular hole (ø¼ 30 mm). The two parts are defined as
rigid bodies, meshed with 10185 shell elements of types R3D3
and R3D4. The patch of BP is represented as a parallelepiped
with a square shape (50� 50� 0:5 mm), defined as a deforma-
ble three dimensional solid, meshed with 53280 elements of
type C3D8H. Six elements through the thickness direction have
been used.

The stress–strain relationship for the BP elements has been
described through the constitutive model of Holzapfel-Gasser-
Ogden (HGO) [19]. One single family of fibers and an orientation
dispersion parameter j have been used.

The HGO model [19] is defined through the strain energy
function of a fiber reinforced composite which depends on 4
constitutive parameters: C10 accounting for energy stored in the
isotropic matrix; k1 and k2 accounting for the energy stored in
the fibers and j accounting for a statistical dispersion of fibers
orientation in space. This latter parameter ranges in the domain
0 < j < 1=3, where j¼ 0 corresponds to the deterministic ori-
entation of the family of fibers (no dispersion) and j ¼ 1=3 rep-
resents a random fiber orientation thus resulting in an isotropic
material response.

A surface-to-surface contact has been applied between each die
and the patch of BP. This contact is characterized by a tangential
behavior with penalty (ls ¼ 0:2) and a hard contact normal
behavior.

Since the dies are defined as rigid bodies, their motion is driven
through reference points. The lower die has been fully constrained
to the reference system. Three steps are defined in this simulation:

(1) Tightening: a displacement of 0:1 mm (20% of the thick-
ness of the sample) is applied to the reference point of the
upper die to reproduce the tightening of the bolts;

(2) Minimum pressure: a uniform minimum pressure of 0:1 kPa
is applied to the bottom surface of the BP. This is the initial
reference pressure;

(3) Maximum pressure: to simulate the inflation of the speci-
men, a uniform maximum pressure of 2 kPa is applied on
bottom surface of the BP.

For each simulation, the two coordinates in the plane of BP and
the vertical displacement in a square region defined at the center
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of the circular window (14� 14 mm) have been obtained. These
data have then been treated as pseudo-experimental data and
have been analyzed using the same methods described in
Sec. 2.4.

3 Results

3.1 Experimental Results. Figure 2 (top) shows the relative
displacement as a function of the incremental pressure (reference
value for pressure is p0 ¼ 0:1 kPa); the average values for each
thickness class have been reported along with an error bar at each
pressure level. As expected a nonlinear pressure-displacement
response has been found with increasing slope at increasing dis-
placement. Thicker BP samples have exhibited lower displace-
ment at a given pressure level. The maximum Dz has been found
to be approx. 1.1 mm at Dp¼ 0.5 kPa for the thinnest class of BP;
while the thickest membranes have achieved a maximum
Dz¼ 1 mm at Dp¼ 0.9 kPa.

The Kolmogorov–Smirnov test has shown that all dataset can-
not be represented with a normal statistical distribution.

The Mann–Whitney test has shown that statistical differences
(p-value< 0.05) for the maximum displacement have been found
among the different thickness classes; in particular, p-values are
reported in Table 1.

Figure 2 (bottom) shows the DA parameter as a function of the
pressure increment, for all classes of thickness. The statistical tests
have shown that no statistical difference among different thick-
ness class is found.

3.2 Uni-Axial Tensile Tests and Validation of Degree of
Anisotrophy Results. A comparison of the DA found on bulge
tests with that found on: (i) uni-axial test data obtained in this
study and (ii) biaxial test data reported in Ref. [12] is here pre-
sented. In both uni-axial and biaxial test data, the DA parameter
has been assessed through Eq. (4).

Figure 3 shows the stress–strain average data and standard devi-
ation of uni-axial tensile tests along the two principal material
directions. At 25%, strain standard deviation is approximately
47% for the stiffest curve and 16% for the softest curve.

Figure 4 shows the value of DA as a function of strain. DA
found in uni-axial and biaxial tests have been reported with blue
crosses and red circles, respectively. The DA obtained from bulge
test has been reported at the representative strain of 2.6% approxi-
mately achieved at the maximum applied pressure before water
leaks through the membrane. Both the DA from biaxial tests [12]
and from uni-axial tests show a decreasing trend up to a strain of
5% followed by an increasing DA. The DA from uni-axial tests is
slightly lower than that found in biaxial testing. The DA obtained

through the bulge tests is consistent with that found in biaxial tests
and higher than that found in unixial tests. The average DA in
uni-axial testing falls within the error bar of the DA obtained
through bulge.

3.3 Numerical Simulation of the Bulge Experiments. A
trial and error procedure has been used to fit finite element results
with the experimental data in terms of relative displacement ver-
sus incremental pressure and DA. For each class of BP thickness,
the displacement results exhibit a substantially lower scatter of
data with respect to that exhibited by the DA data (see Fig. 2).
Therefore, for each class of thickness, the sets of constitutive

Fig. 1 Bulge test device

Fig. 2 Top panel: maximum relative displacement versus pres-
sure increment; bottom panel: Degree of Anisoptropy versus
pressure increment. Different colors refer to different thickness
classes.

Table 1 p-values for maximum relative displacement compari-
son between thickness groups (thickness in [mm]); p-values for
significant difference are reported in boldface

Dp ðkPaÞ
0.4–0.5 versus

0.5–0.6
0.4–0.5 versus

0.6–0.7
0.5–0.6 versus

0.6–0.7

0.1 0.0156 0.0024 0.0948
0.2 0.0445 0.0045 0.2357
0.3 0.0156 0.0011 0.0289

0.4 0.1092 0.0045 0.0356

0.5 0.11512 0.0028 0.1092
0.6 — — 0.01

0.7 — — 0.0049
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parameters have been found such that the displacement data have
been fitted on average, while fitting the DA data to cover the
whole experimental range. As a representative example, the finite
element results with solid lines for the thickness class of 0:6�
0:7 mm are reported in Fig. 5. In this figure, the pressure incre-
ment has been divided by the sample thickness. The three differ-
ent parameter sets closely reproduce the displacement data while
the j and k1 parameters have been adjusted with the purpose to fit
the entire range of anisotropy.

Table 2 shows the values for parameters j and k1 in the form
medium curve

6upperlimit
6lowerlimit for all thickness classes.

In all simulations, the parameters C10 and k2 have been set to
7.0� 10�4 MPa and 2.5 MPa, respectively.

4 Discussions and Conclusions

The aim of this paper is to create an experimental setup to
determine the anisotropic properties of chemically treated bovine

pericardium membranes. To this purpose a bulge test and a confo-
cal laser scanning have been used simultaneously.

The anisotropy of the tissue has been quantified through the DA
index (anisotropy for DA> 0) as the normalized difference
between the maximum and minimum principal curvature. The
experimental results have shown that the BP samples used in this
study have exhibited a nonlinear relationship between displace-
ments and applied pressure which is consistent with the typical
stiffening response of all biological tissues; the data collected
within each single class of thickness exhibit a relatively low scat-
ter of data: the maximum standard deviation is 33% at the first
pressure increment and progressively decreases with the applied
pressure. The DA data exhibit a larger scatter within the thickness
classes (the highest standard deviation is 66%). As no direct imag-
ing of the collagen network and related dispersion are available, it
can be speculated that fiber orientation dispersion might be differ-
ent in the different patches used in the study with a little effect on
the overall pressure-displacement response.

Fig. 3 Stress-strain response in uni-axial tests along the two
principal direction of the material; error bars indicate standard
deviation

Fig. 5 Experimental results (0:620:7 mm) compared with finite
element results covering the whole range of DA. Relative displace-
ment is shown in the top panel; DA is shown in the bottom panel.

Fig. 4 Degree of anisotropy versus strain: Uni-axial tensile
tests (blue circles); Biaxial stretching from Sacks et al. [12] (red
circles), a polynomial fitting is also reported; Bulge tests:
orange symbol with error bar

Table 2 Constitutive parameters j and k1 for each class of
thickness

Class j k1 (MPa)

0.4–0.5 mm 0:320 �0:020
þ0:010 30 þ5

�10

0.5–0.6 mm 0:310 �0:030
þ0:020 45 �15

�25

0.6–0.7 mm 0:325 �0:010
þ0:005 80 þ25

�15
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The proposed procedure has proven to be effective in determin-
ing tissue anisotropy; indeed, Fig. 6 shows the experimental data
found on the BP samples along with the DA value estimated for a
bulge test performed on two membranes of rubberlike isotropic
material (NBR). As the DA parameter does not exhibit statistical
difference among the three thickness classes, in Fig. 6, the three
classes are represented as one single group.

Figure 6 shows the comparison between BP and rubberlike
material samples DA with respect to maximum displacement on
the horizontal axes instead of the applied incremental pressure.
This choice is driven by the different pressure levels applied on
the rubberlike material samples, which are substantially thinner
than the BP samples. The figure clearly shows that the DA calcu-
lated on the NBR material is close to zero and substantially
smaller than that estimated on the BP membranes. This is more
evident at the highest incremental pressure (i.e., the highest dis-
placement Dz); while at the lowest pressure level, DA> 0 is found
also for the NBR material. This is due to the effect of the initial
configuration found after bolts tightening; the use of the reference
configuration is more effective at the highest pressure levels. Fig-
ure 7 shows two contour maps of the displacements from three-
dimensional-laser scanning (left column) and after interpolation
with the 4-th order polynomials (right column). Ellipsoidal shape
of the isolines indicates anisotropy of the material (DA¼ 0.6);
while, circular isovalues lines are found on the rubberlike material
(DA¼ 0.04). Zioupos et al. [2] have investigated the BP anisot-
ropy through a bulge test. In particular, the samples have been
divided into two groups (apex-base and circumferential), depend-
ing on the preferential directions of the fibers with respect to the
anatomy. In this work, the diameter of the circular window
(41:5 mm) and the pressure (0:67 kPa) which have been applied to
the BP are comparable to the ones in the present study. In Ref. [2]
the deformed configuration has been identified through Moirè
fringes projection determining elliptical profiles for the aniso-
tropic tissue. In order to compare the results found by Zioupos
et al. with those found in the present study, the stress–strain data

Fig. 6 Comparison between BP (red line) and two isotropic
membranes (ISO1 and ISO2)

Fig. 7 Displacement contours for the isotropic rubberlike material (DA 5 0.04) (top) and for
a BP sample (DA 5 0.6) (bottom); left column: 3-D topography from confocal laser micros-
copy (bar size 2 mm); right column: fourth order polynomial interpolation
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found through bulging and through uni-axial and biaxial testing in
Ref. [2] are here compared with stress–strain data obtained
through the HGO model parameters fitted with our experimental
results (see Fig. 8). This comparison shows that along the apex-
base direction the stress–strain response found in our study is
comparable to that found by Zioupos et al.; with a slightly higher
stress found in the present study. Considering the high scattering
of data which typically affects experimental tests on biological
samples, this comparison is fully satisfactory.

Anisotropy of bovine pericardium has been also investigated by
Sacks et al. in Ref. [12] through biaxial tests; although the bulge
test is not suitable to span the whole strain range investigated in
Ref. [12], the DA found through bulge is consistent with that esti-
mated from the biaxial tests, at least at the representative strain of
2.5%. The validation of the DA parameter through the uni-axial
testing has been achieved although the DA obtained through the
uni-axial testing is slightly lower than that found through bulge
tests. This is owed to the different strain and stress states applied
on the tissue in uni-axial tensile tests; while biaxial stretching and
bulge tests apply similar strain and stress state to the tissue.

Biaxial stretching of membranes certainly offers a greater flexi-
bility, if compared to the bulge setup, by allowing for different
biaxial experimental protocols [20], which guarantees a robust
identification of constitutive parameters. Despite the limitations of
the bulge test, the experimental setup shown in this study has pro-
ven to be sufficiently effective with the great advantage given by
the boundary conditions and gripping procedure which are simpler
with respect to that required in the biaxial stretching setup, and
therefore less prone to experimental errors. Furthermore, one sin-
gle bulge test is able to identify DA and the principal material
directions (the principal axis of the ellipse of confocal images),
while uni-axial tests are considerably more expensive as tests
along different directions are required. Indeed, in this work only
four orientations have been investigated which might be not suffi-
cient to identify the stiffest direction accurately.

The most widely used approach to determine strain field in pla-
nar mechanical laboratory tests is the DIC and related advanced
techniques (see, for example, Refs. [16,18,21,22]) in which the
creation of a pattern, a video camera acquisition system and a
software for postprocessing of the images and reconstruction of
the deformed tissue are required. In case of three-dimensional
deformation modes, like in the bulge testing, a more complex
video capturing system and computational analyses are required
[23]. The confocal laser microscopy used in this paper returns a
high definition height profile of the deformed tissue without fur-
ther postprocessing, making this technique simpler and faster than
the DIC, especially in the experimental setup preparation phase.

The major limitation of this work is the lack of information on
the anatomical location and orientation of the BP membranes used
in the experiments and consequent lack of information on the
fibers architecture and orientation dispersion. Therefore, the DA
measured in this work can give information on the average fibers
orientation with respect to the boundaries of the tested patches.
Another limitation of this study is the irregular shape of the BP
membranes after bolts tightening; this problem has been partially
overcome by applying an initial pressure p0 ¼ 0:1 kPa to achieve
a uniform curvature configuration and using this shape as a refer-
ence. Lastly, although the methods have exhibited a high potential
in the characterization of the degree of anisotropy of biological
membranes, the use of curvatures as second order derivative of
the primary variable, i.e., the displacement, has introduced high
experimental scatter. Despite this disadvantage, anisotropy has
been successfully found in comparison to an isotropic material.

The finite element simulation of the bulge experiments has
allowed to assess a range of values of the constitutive parameters
of the HGO model. However, the C10 and k2 parameters have
been assumed, while a range for the parameter j and k1 have been
found so to cover the variability of the anisotropy response. A
direct comparison of the values of the constitutive parameters
with that found by other authors has not been possible. Murdok
et al. [24] have identified the parameters of the HGO model for
the pericardium; however, they have applied bending tests on thin
pericardium membranes which is a loading condition substantially
different if compared to the bulge testing. Only a partial validation
of the constitutive parameter has been achieved through the com-
parison of the stress–strain curves obtained through the constitu-
tive parameters selected within the identified range with the uni-
axial and biaxial stress–strain data presented in Ref. [2].

In conclusion, this study has laid the groundwork to a better
and easier understanding of the characteristics of bovine pericar-
dium so that its microstructure complexity can be effectively
exploited in the design and manufacture of BHVs. In addition, the
experimental setup and protocol proposed in this study have
potentiality to be effective for the characterization, in terms of
degree of anisotropy, of other membranous biological tissues.

Data Availability Statement

The datasets generated and supporting the findings of this arti-
cle are obtainable from the corresponding author upon reasonable
request.
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