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Abstract

Intramyocardial delivery of biomaterials is a promising concept for treating myo-

cardial infarction. The delivered biomaterial provides mechanical support and

attenuates wall thinning and elevated wall stress in the infarct region. This study

aimed at developing a biventricular finite element model of an infarcted rat

heart with a microstructural representation of an in situ biomaterial injectate,

and a parametric investigation of the effect of the injectate stiffness on the car-

diac mechanics. A three-dimensional subject-specific biventricular finite element

model of a rat heart with left ventricular infarct and microstructurally dispersed

biomaterial delivered 1 week after infarct induction was developed from ex vivo

microcomputed tomography data. The volumetric mesh density varied between

303 mm�3 in the myocardium and 3852 mm�3 in the injectate region due to the

microstructural intramyocardial dispersion. Parametric simulations were con-

ducted with the injectate's elastic modulus varying from 4.1 to 405,900 kPa, and

myocardial and injectate strains were recorded. With increasing injectate stiff-

ness, the end-diastolic median myocardial fibre and cross-fibre strain decreased

in magnitude from 3.6% to 1.1% and from �6.0% to �2.9%, respectively. At end-

systole, the myocardial fibre and cross-fibre strain decreased in magnitude from

�20.4% to �11.8% and from 6.5% to 4.6%, respectively. In the injectate, the max-

imum and minimum principal strains decreased in magnitude from 5.4% to

0.001% and from �5.4% to �0.001%, respectively, at end-diastole and from

38.5% to 0.06% and from �39.0% to �0.06%, respectively, at end-systole. With

the microstructural injectate geometry, the developed subject-specific cardiac

finite element model offers potential for extension to cellular injectates and in

silico studies of mechanotransduction and therapeutic signalling in the infarcted

heart with an infarct animal model extensively used in preclinical research.
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1 | INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death worldwide. In 2017, CVD was responsible for approximately
17.8 million deaths [1,2]. An increase in CVD-related deaths by 26.9%, from 17.5 million (i.e., 31% of global deaths) in
2012 to 22.2 million by 2030, has been predicted. Alarmingly, in the working-age population of low- and middle-income
countries, including South Africa, the rate of people affected is becoming considerably high [1,3,4]. This situation
affects the global economy and therefore influences social cohesion in the communities.

Myocardial infarction (MI) originates from coronary occlusion, causing a lack of oxygenated blood supply to a spe-
cific myocardial region. In the long term, cardiomyocyte death is followed by scar formation, causing excessive load to
heart dysfunction and heart failure. Current treatments for MI include reperfusion (drug administration or surgery),
mechanical device assistance (e.g., left ventricle assist device) and heart transplantation. New therapy approaches based
on biomaterial injections have emerged. Clinical studies involving such therapeutic biomaterials showed promising
results addressing adverse ventricular remodelling following post-MI inflammatory response [5–8].

Limitations of experimental studies are the cost of resources and the invasiveness of in vivo protocols. Computa-
tional modelling appeared as an alternative to investigate the mechanical mechanisms and parameters involved in ther-
apeutic biomaterial injections in infarcted hearts, such as biomaterial stiffness, delivery location, injection volume, and
injection pattern [9–16].

Wall et al. [12] reported a reduction in the wall stress, affecting the ventricular function, using an ovine heart finite ele-
ment (FE) model with a non-contractile biomaterial injectate in the left ventricular (LV) wall implemented by modification
of the FE mesh. The results depended on the volume, the location, and the material stiffness of the injected biomaterial.

The morphology and dispersion of the intramyocardial injectates are challenging to control. Wang et al. [13] studied
the impact of injectate volume and stiffness on LV myofiber stress and wall thickness. They showed that a larger vol-
ume and stiffer material contributes to myofibre stress reduction and wall thickness increase in the LV, which is essen-
tial to alter ventricular remodelling. Computational models have been used to optimise the pattern [15,17] and the
volume of biomaterial injectates [16].

The current study aimed to develop a biventricular finite element model of a rat heart with an antero-apical infarct and
an intramyocardial biomaterial injectate delivered in the infarct region 1 week after infarct induction. A parametric study
was undertaken to investigate the effect of injectate stiffness on cardiac mechanics. Emphasis was placed on the realistic
microstructural geometrical representation of the in situ intramyocardial dispersion of the biomaterial injectate. The
intramyocardial injectate constitutes an important configuration to investigate the mechanical and mechanotransductory
responses of therapeutic cells transplanted with the biomaterial for the treatment of myocardial infarction.

2 | MATERIALS AND METHODS

2.1 | Volumetric image data of infarcted rat heart with intramyocardial injectate

Ex vivo microcomputed tomography (μCT) image data of an infarcted rat heart with polymeric intramyocardial
injectate from an unrelated study (unpublished data) were used for geometric reconstruction. In brief, male Wistar rats
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(body mass: 180–220 g) were anaesthetized, and the heart was exposed via left thoracotomy along the 4th intercos-
tal space. Myocardial infarction was induced by permanent ligation of the left anterior descending coronary artery
3 mm distal to the auricular appendix. The discolouration of the anterior ventricular wall and reduced contractility
were hallmarks of a successful occlusion of the artery. The chest was stepwise closed, and buprenorphine was
administered for pain management. Seven days later, the heart was accessed via the 4th intercostal space and
100 μL of radiopaque silicone rubber containing lead chromate (Microfil® MV-120 Flow-Tech, Carver, MA, USA)
diluted 1.5:1 with MV-diluent was injected into the infarct area. Dispersion and in situ polymerisation of the
Microfil® material were allowed for 30 min after the injection. The animals were then humanely killed, and the
hearts were carefully harvested, thoroughly rinsed with saline, fixed in a 4% paraformaldehyde solution and trans-
ferred to saline for μCT scanning. All animal experiments were authorised by the Institutional Review Board of the
University of Cape Town and performed according to the National Institutes of Health (NIH, Bethesda, MD, USA)
guidelines.

The μCT scans were performed with a custom-made scanner with a Feinfocus X-ray tube and a Varian 2520 V
Paxscan a-Si flat panel detector (CsI screen, 1920 � 1536, 127 μm pixel size) at the Centre for X-ray Tomography of
Ghent University (UGCT) [18]. For each scan, 1801 projections were captured with an exposure time of 0.8 s. The
resulting scan images had a voxel pitch of 10 μm. Reconstruction was performed using the UGCT software package
Octopus [19].

2.2 | Three-dimensional reconstruction and meshing of a biventricular cardiac
geometry

Only the two ventricles were considered for the FE model, resulting in a biventricular (BV) geometry truncated at the
base. Before segmentation, the orientation of the image stack was aligned with the longitudinal cardiac axis. The image
segmentation involved region-growing, level-set thresholding and manual segmentation (Simpleware ScanIP, Syno-
psys). Two masks were created, distinguishing the cardiac tissue and the injectate.

The resulting geometry captured the essential morphology of the left (LV) and right ventricle (RV) and the dispersed
intramyocardial injectate in the LV free wall (Figure 1A and Table 1). The geometry was meshed with 206,142 quadratic
tetrahedral elements (injectate: 58,902 elements, myocardium: 147,240 elements). The mesh density varied between
302.8 mm�3 in the myocardium and 3852.3 mm�3 in the injectate region (Figure 1C).

The meshed geometry was imported in Abaqus 6.14-3 CAE (Dassault Systèmes, Providence, RI, USA). After that,
the infarct was approximated in the antero-apical region of the LV and defined as a node set.

2.3 | Finite element model development

The meshed BV geometry was imported in Abaqus CAE (Abaqus 6.14-3, Dassault Systèmes, Providence, RI, USA) to
implement the different mechanical properties and investigate cardiac tissue mechanics. A 10-node tetrahedral element
type (C3D10M) was used to obtain a discretized FE problem.

2.3.1 | Myofibre structure

A rule-based approach was used to describe the myofibre angle distribution in the myocardium. A Matlab code devel-
oped by Sack et al. [20] was used to generate fibre orientation values through the myocardium. The primary function of
the algorithm was to find the different components of the fibre vector within each element in the meshed region of the
myocardium. The projected values of the fibre vector were obtained with two principal angles. The helix angle αh, is
formed by the projection of the fibre on the plane created by the circumferential-longitudinal unit vector (uc, ul) and
the circumferential unit vector uc. The transverse angle αt between the projection of the fibre on the plane is formed by
the radial-circumferential unit vector (fp1) and the circumferential unit vector. In the current study, the fibre angle was
�50� to 80� from the epicardial to the endocardial surfaces [21,22]. The obtained fibre orientation data were incorpo-
rated in the FE model in Abaqus.
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2.3.2 | Constitutive laws

Healthy and infarcted myocardium
The passive mechanical properties of the myocardium were described with a hyperelastic anisotropic law using a modi-
fied strain energy function from Holzapfel and Ogden [23]. The changes were introduced to consider the pathological
stage of the heart tissue [20]. The passive mechanical properties of the infarcted myocardium depend on the stage of
the infarct [24–27]. A one-week infarct stage was considered in the current study. Hence, an increase in stiffness [28] in
the fibre, circumferential and longitudinal direction was implemented with the parameters h and p in the Equation (2),
with h = 1 and 0 representing a healthy and infarcted myocardium, respectively.

W¼ a
2b

eb I1�3ð Þ þ
X

i¼f, s

ai
2bi

ebi I4i�1ð Þ2 �1
n o

þ afs
2bfs

ebfs I8fsð Þ2 �1
n o

þ 1
D

J2�1
2

� ln Jð Þ
� �

ð1Þ

with

FIGURE 1 (A) Biventricular cardiac geometry of the rat heart developed from μCT image data with LV, RV, and dispersed

intramyocardial injectate in the infarcted region of the LV. (B) Infarct region shown with nodes set, the infarct was defined around the

injectate. (C) Increase in mesh density from the myocardium to the injectate to accommodate the microstructural dispersion of the injected

material. (D) Nodes on base with boundary condition of zero displacement in the longitudinal direction to prevent rigid body motion

(red points).

TABLE 1 Morphometric data of the biventricular geometry of the rat heart.

Parameter Value

Myocardial volume (mm3) 1451

LV wall thickness (mm) 4.69–4.93

Septal wall thickness (mm) 2.53–4.54

RV free wall thickness (mm) 1.74–3.24

Apex-base length (mm) 13.94
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a¼ a hþ 1�hð Þp½ �,

ai ¼ ai hþ 1�hð Þp½ �,and

afs ¼ afs hþ 1�hð Þp½ � ð2Þ

The active contraction of the myocardium was implemented with a time-varying elastance approach [29–31], with
addition of tissue health parameter h to represent the pathological stage of the myocardium [20]:

Ta t,Effð Þ¼Tmax

2
Ca20

Ca20þECa
2
50 Effð Þ 1� cos ω t,Effð Þð Þð Þh ð3Þ

with

ECa250 Effð Þ¼ Ca0maxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eB l Effð Þ�l0ð Þ �1

p , ð4Þ

and

ω t,Effð Þ¼ π
t
t0
, for 0≤ t≤ t0

ω t,Effð Þ¼ π
t� t0þ tr lrð Þ

tr lð Þ , for t0 ≤ t≤ tr

ω t,Effð Þ¼ 0,for t≥ t0þ t0 ð5Þ

The additive approach was used to determine the total tension in the myocardium where, the time-varying active
tension Ta (Equation (3)) was combined with the tension derived from the passive response, Tp:

T¼TaþTp ð6Þ

The description and values of the passive and active constitutive parameters are provided in Tables S1 and S2.

Injectable biomaterial
The injectable biomaterial, for example, polyethylene glycol (PEG) hydrogel, was described as hyperelastic isotropic
incompressible material with a Neo-Hookean material model:

W¼C10 I1�3ð Þ ð7Þ

where I1 is the first deviatoric strain invariant, and C10 characterises the material stiffness obtained from the elastic
modulus Einj and the Poisson's ratio νinj:

C10 ¼ Einj

4 1þνinj
� � ð8Þ

with νinj = 0.5 to represent incompressibility and Einj between 4.1 and 405,900 kPa (see Section 2.4 Finite element simu-
lations for further details).
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2.3.3 | Boundary conditions

A zero displacement was applied to the nodes at the base in the longitudinal direction to prevent the rigid body motion
of the geometry, see Figure 1D. The passive filing was implemented by a linearly increasing pressure load on both LV
and RV cavity surfaces. Several studies reported a higher cavity pressure in the LV than in the RV. In normal human
hearts, systolic pressure was 30–40 mmHg in the RV and 100–140 mmHg in the LV [32,33]. Pacher et al. [34] measured
left ventricular end-diastolic and end-systolic pressure in rats and found 3.8 ± 0.9 mmHg and 133.8 ± 8.1 mmHg,
respectively. In the current study, the cavity pressure was taken from 0 to 3.0 mmHg for the LV and from 0 to
0.75 mmHg for the RV. This choice agrees with the range of the experimental end-diastolic pressure findings.

2.3.4 | Determination of computation time for end-systole and end-diastole

The end-diastolic time point was determined by applying a linearly increasing pressure on the LV and RV endocardial
surfaces until the LV cavity volume matched a target experimental ED volume by Pacher et al. [34]. This step was per-
formed on the BV model with injectate elastic modulus Einj = 73.8 kPa.

A second simulation was performed to determine the end-systolic time point. The obtained time corresponded to
the contraction and was determined from the ED time point defined previously until the active tension declined. The
LV volume was calculated at this time point and compared with end-systolic volume values in the literature [34].

2.4 | Finite element simulations and data acquisition

A parametric study to determine the impact of the injectate stiffness on the deformation of the myocardium and the
biomaterial injectate was conducted with a range of values for the elastic modulus of injectate, that is, Einj = 4.1, 7.4,
40.6, 73.8, 405.9, 738, 4059, 7380, 40,590, 73,800 and 405,900 kPa.

The strain in the myocardium and the biomaterial injectate was recorded at the end-diastolic and end-systolic time
points of the cardiac cycle for each Einj value. The myofibre and cross-fibre strains were used for the healthy and
infarcted myocardium, whereas the maximum principal and minimum principal strains were used for the injectate.
The ex vivo geometry of the heart developed from μCT image data was used as reference configuration for strain calcu-
lations. This configuration was assumed unloaded, and pre-stress was not considered.

For each finite element in the mesh, the element strain, εEL, was determined as the arithmetic mean of the strain
values at the four integration points, εIP,i, of the 10-node tetrahedral elements.

2.5 | Statistical analysis

Descriptive statistical analysis was performed on the strain data to determine the normality (Shapiro–Wilk normality
test) and variability (SciPy, https://scipy.org/ and NumPy, https://numpy.org/). Data were presented using box and
whisker plots (MatPlotLib, Python, https://matplotlib.org/) indicating median and interquartile ranges.

3 | RESULTS

Representative end-diastolic and end-systolic strain distributions are shown for the myofibre and cross-fibre strain in
the BV wall in Figure 2 and the maximum and minimum principal strain in the injectate in Figure 3, for an elastic
modulus of the injectate of Einj = 73.8 kPa.

3.1 | Effect of injectate stiffness on myocardial deformation

The median end-diastolic myofibre and cross-fibre strain decreased from 3.5% to 1.0% and �5.9% to �2.7%
(decrease in magnitude) for the increase in the injectate elastic modulus (Figure 4A,B). These changes in strain

6 of 14 MOTCHON ET AL.

 20407947, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnm

.3693 by U
niversity O

f Southam
pton, W

iley O
nline L

ibrary on [17/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://scipy.org/
https://numpy.org/
https://matplotlib.org/


appear to be more pronounced in the low modulus region Einj = 4.1 to 738 kPa and only marginal for
Einj > 738 kPa.

At end-systole, the median myofibre strain decreased in magnitude from �20.4% to �11.8%, with increasing elastic
modulus. The median cross-fibre strain decreased from 6.5% to 4.6% with an increasing elastic modulus with an inter-
mittent marginal increase for Einj = 405.9 kPa and 738.0 kPa (Figure 4C,D).

3.2 | Effect of injectate stiffness on injectate deformation

As a general observation, the magnitude (i.e., median), range (difference between the highest and lowest element
strain) and interquartile range of maximum and minimum principal strain decreased considerably with increasing

FIGURE 2 Short-axis and longitudinal contour plots showing myofibre strain (A, B) and cross-fibre strain (C, D) in the BV model at

end-diastolic (ED, left column) and end-systolic time point (ES, right column) for an injectate elastic modulus Einj = 73.8 kPa. The strain

distribution in the injectate (black areas) is shown in Figure 3.
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injectate stiffness for lower Einj = 4.1–738 kPa. However, the strain decreased marginally for the higher Einj = 4059 to
405,900 kPa, both at end-diastolic and end-systolic time points.

At end-diastole, the median maximum principal strain decreased from 5.4% to 0.001%, and the median mini-
mum principal strain decreased in magnitude from �5.4% to �0.001% for increasing injectate stiffness
(Figure 5A,B).

At end-systole, the median maximum principal strain decreased from 38.5% to 0.06%, and the median mini-
mum principal strain decreased in magnitude from �39.0% to �0.06% with increasing injectate stiffness
(Figure 5C,D).

FIGURE 3 Short-axis and longitudinal contour plots of maximum (A, B) and minimum principal strain (C, D) in the injectate at end-

diastolic (ED, left column) and end-systolic time point (ES, right column) for an injectate elastic modulus Einj = 73.8 kPa.
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FIGURE 4 Myocardial deformation. End-diastolic (ED) myofibre (A) and cross-fibre (B) strain and end-systolic (ES) myofibre (C) and

cross-fibre (D) strain versus injectate elastic modulus. The box and whiskers indicate the median (red line in box), interquartile range (IQR)

from first and third quartile (lower and upper bound of the box), 1.5� IQR (lower and upper whisker), and data larger or smaller than 1.5�
IQR (open circles). Each data point represents the strain value εEL in an element of the finite element mesh. Data larger or smaller than

1.5� IQR are not considered outliers but true data.
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FIGURE 5 Injectate deformation. End-diastolic (ED) maximum (A) and minimum (B) principal strain and end-systolic (ES) maximum

(C) and minimum (D) principal strain. The box and whiskers indicate the median (red line in box), interquartile range (IQR) from the first

and third quartile (lower and upper bound of the box), 1.5� IQR (lower and upper whisker), and data larger or smaller than 1.5� IQR (open

circles). Each data point represents the strain value εEL in an element of the finite element mesh. Data larger or smaller than 1.5� IQR are

not considered outliers but true data.
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4 | DISCUSSION

The present computational study involved the development of computational models for cardiac mechanics. The effect
of the therapeutic biomaterial injectate stiffness on the cardiac mechanics during a cardiac cycle was shown using the
developed models. At a given injectate elastic modulus, the end-diastolic myofibre strain decreased from the endocar-
dial to the epicardial surface, which has also been reported in other studies [35–37]. The biomaterial delivery 7 days
after infarct induction was chosen since significant improvements in cardiac function and scar tissue mechanics were
reported in vivo for the injection of PEG hydrogel 1 week following the infarction compared to biomaterial delivery
immediately after the infarction [38].

Many computational studies involving animal species used simplified cardiac geometries [12,15,39]. The current
study was the first to develop a subject-specific biventricular geometry of a rat heart with in situ microstructural details
of an intramyocardial injectate in the LV free wall. This detailed representation of the injectate is important for investi-
gating the mechanics and mechanotransduction of cells delivered with and embedded in the biomaterial to advance cell
therapies for myocardial infarction. The morphological details at the micrometre length scale resulted in a considerably
higher and more heterogeneous mesh density.

The reconstruction of the biventricular FE model used a validated method developed in one of our previous studies
[20]. That study included an assessment of the mesh sensitivity, and although the mesh convergence analysis was not
reported, mesh sensitivity guidelines for biventricular models were established. For quadratic tetrahedral elements, a
mesh density of approximately 40,000 elements was sufficient to reach convergence of stress, strain and hemodynamic
performance. The model used in the current study exceeds 200,000 elements, a deliberately fine resolution mesh, and a
mesh sensitivity assessment was not deemed necessary.

Different strain energy density functions were used for the discrete representation of myocardial and injectate
regions, contrary to studies that used the homogenisation approach that combines the myocardium and biomaterial
injectate [12,14]. This approach allowed capturing the distinctly different mechanical properties of the myocardium
and injected biomaterial.

The current study adopted passive myocardial material parameters from Dương et al. [40], who developed and vali-
dated the constitutive model for infarcted rat myocardium with experimental data from biaxial tension and uniaxial
compression [41]. The active contraction in the healthy myocardial regions was modelled with a validated time-varying
elastance model [30]. The parameters estimated by Guccione et al. [30] have been used in several computational studies
involving rat [16] and porcine models [20].

Therapeutic intramyocardial biomaterial injectates with different mechanical properties have been reported to
induce different mechanical and functional responses in the infarcted heart [12].

The current study showed that an increasing elastic modulus (i.e., stiffness) of the biomaterial injectate reduces the
ES and ED myocardial strains in the myofibre and cross-fibre directions in the healthy and infarcted regions of the BV
geometry. This finding suggests that an increasing elastic modulus of the injectate for MI treatment may result in a ben-
eficial effect of reducing the myocardial strains in the remote healthy regions of the BV geometry.

The biomaterial injectate is often used as a scaffold for therapeutically delivered cells for MI treatment. Thus, inves-
tigating the mechanical response of the biomaterial injectate delivered to the infarct is crucial for embedded cells'
mechanics and associated signalling. The current study showed that the mechanical response of the injectate depends
on its stiffness. The maximum and minimum principal strains decreased for an increasing injectate elastic modulus.
The upper range of the injectate's elastic modulus (i.e., Einj > 738 kPa) used in the study is unrealistic for PEG hydro-
gels and other injectable biomaterials [42,43]. However, the current investigations aimed to explore the injectate
response for an extensive range of injectate stiffness, and it was shown that the injectate deformations were negligible
for these unrealistically high values of the injectate elastic modulus.

Limitations of the current study include the simplifying assumption of the ex vivo cardiac geometry reconstructed
from μCT data as unloaded reference configuration for strain quantification.

The continuous mesh used for the myocardium and biomaterial injectate resulted in tied contact properties at the
domain interfaces. More realistic contact interactions between myocardium and biomaterial will improve the simula-
tion of the mechanics of the interface and the injectate but require experimental data that currently do not exist.

Considering the impact of the injectate stiffness on the ED and ES time point may improve the model's accuracy.
Furthermore, additional parameters such as injectate location and different injectate patterns may be considered to
investigate their effect on the infarcted heart.
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A linearly increasing pressure load on the cavity surfaces was used to implement the passive filling. This simple
approach can be improved by using a more comprehensive representation of the circulatory system, including systemic
arteries and veins, a pulmonary circuit, and the heart's upper chambers and valves, as described by Sack et al. [20].

The model's anatomical details can be enhanced by implementing fibre orientation in the subject-specific
biventricular geometry based on diffusion tensor magnetic resonance imaging.

5 | CONCLUSIONS

This is the first computational study that generated and used a high-resolution microstructurally geometry of an
in situ biomaterial injectate delivered 1 week after infarct induction in a biventricular cardiac finite element
model of a rat heart with antero-apical infarct in the left ventricular free wall. With the microstructurally
detailed in situ injectate geometry, the computational model of an infarcted rat heart offers vast potential for in
silico studies of mechanotransduction and therapeutic signalling of cells transplanted with deliverable biomate-
rials in the infarcted heart, an animal model that has been extensively used in preclinical research of myocardial
infarction.

NOMENCLATURE

a material parameter, dimension of stress
afs material parameter defining coupling from in the fibre and sheet directions, with a dimension of stress
ai material parameter, defined for i = f and s in the fibre and sheet directions, respectively, with stress

dimension
a, ai, afs govern the isotropic response of the infarcted myocardium
B governs the shape of peak isometric tension-sarcomere length relation
b dimensionless material parameter in Holzapfel model
bfs material parameter defining coupling from in the fibre and sheet directions, dimensionless
bi material parameter, defined for i = f and s in the fibre and sheet directions, respectively, dimensionless
C10 coefficient used in Abaqus to describe the material stiffness in a Neo-Hookean strain energy density function
Ca0 peak intracellular calcium concentration
D parameter for elastic materials defining the compressibility of the material
E elastic modulus
ECa50 length-dependent calcium sensitivity
h parameter to define the pathological degree of the tissue
I4f transversely isotropic invariant in the fibre direction
I4s transversely isotropic invariant in the sheet direction
I8fs orthotropic invariant from coupling in fibre and sheet direction
Ii isotropic invariants in principal directions
J third deformation gradient invariant as measures of the volume change of compressible materials
p parameter scaling the isotropic response of the diseased tissue
T stress tensor
T(a) active stress tensor
T(p) passive stress tensor
uc unit vector in the circumferential direction
ul unit vector in the longitudinal direction
W strain energy density function
αh helix angle
αt transverse angle
εEL element strain; mean value of strains at integration points in an element
εIP,i strain at integration point i in an element with i = 1 to 4
ν Poisson's ratio
σ stress
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