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Coronary artery disease is among the primary causes of death worldwide. While
synthetic grafts allow replacement of diseased tissue, mismatched mechanical
properties between graft and native tissue remains a major cause of graft failure. Multi-
layered grafts could overcome these mechanical incompatibilities by mimicking the
structural heterogeneity of the artery wall. However, the layer-specific biomechanics of
synthetic grafts under physiological conditions and their impact on endothelial function is
often overlooked and/or poorly understood. In this study, the transmural biomechanics
of four synthetic graft designs were simulated under physiological pressure, relative
to the coronary artery wall, using finite element analysis. Using poly(vinyl alcohol)
(PVA)/gelatin cryogel as the representative biomaterial, the following conclusions are
drawn: (I) the maximum circumferential stress occurs at the luminal surface of both the
grafts and the artery; (II) circumferential stress varies discontinuously across the media
and adventitia, and is influenced by the stiffness of the adventitia; (III) unlike native tissue,
PVA/gelatin does not exhibit strain stiffening below diastolic pressure; and (IV) for both
PVA/gelatin and native tissue, the magnitude of stress and strain distribution is heavily
dependent on the constitutive models used to model material hyperelasticity. While
these results build on the current literature surrounding PVA-based arterial grafts, the
proposed method has exciting potential toward the wider design of multi-layer scaffolds.
Such finite element analyses could help guide the future validation of multi-layered grafts
for the treatment of coronary artery disease.

Keywords: tri-layer graft, finite element analysis (FEA), PVA/gelatin, cryogel, transmural stress distribution,
transmural strain distribution, hyperelasticity, cardiovascular tissue engineering

INTRODUCTION

Cardiovascular disease is the number one cause of death worldwide. In the United Kingdom,
coronary artery disease alone killed approximately 60,000 people in 2019 and continues to cost
an estimated €9 billion per annum (1). Designing synthetic arterial grafts to replace diseased blood
vessels therefore remains a critical field of biomedical research (2–4).
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For a graft to remain viable in vivo, it must replicate the
native function of the artery it aims to replace. This relies
on the intrinsic characteristics of the biomaterial(s) used (5).
These characteristics are often grouped into four categories:
(I) the ability to maintain a healthy monolayer of endothelial
cells (an endothelium) on the biomaterial surface; (II) blood
compatibility; (III) biocompatibility and biodegradability; and
(IV) matched mechanical properties (6). Importantly, the success
of a graft depends on satisfying all four categories simultaneously.
A healthy endothelium promotes a quiescent non-thrombogenic
phenotype to prevent blood clot formation; this phenotype
is mediated in part by the biomechanical forces exerted on
the endothelium. Arteries expand and contract in response to
blood pressure, generating stress and strain within the vessel
wall (7). Circumferential (tensile) stretch activates downstream
signalling pathways through mechanotransduction, influencing
EC phenotype and morphology (8). The extent of stress and strain
is determined by the wall stiffness, which in turn influences vessel
compliance, defined as the change in arterial volume relative to
the change in pressure. Compliance impacts blood flow through
the vessel and subsequently the frictional force (shear stress)
exerted at the blood—endothelium interface (9, 10). Thus, the
biomechanics of the graft need to replicate that of in vivo arterial
tissue in order to support healthy endothelial function.

While a vast array of vascular mimicking materials (VMMs)
have been developed over the last few decades, few have been
characterised with the constitutive equations needed to capture
the complex mechanical behaviour of the arterial wall (11).
Arteries are hyperelastic, viscoelastic and anisotropic (12–14).
Their response to loading under pulsatile blood flow is strain-
dependent and direction-dependent; at large strain, the stiffness
not only increases, but is higher along the longitudinal direction
of the vessel. This behaviour is dictated by the arrangement
of stiff (collagen) and elastic (elastin) fibrils in the three
layers of the arterial wall. Each layer fulfils a specific task.
As the luminal layer, the intima supports the endothelium. It
is generally thought that the media is responsible for arterial
wall properties at physiological pressure (15–17). However,
studies in aged human coronary arteries suggest that the intima
bears more load in arteries with non-atherosclerotic intimal
thickening (18). Meanwhile, the outermost layer, the adventitia,
prevents overdistension.

It is reasonable to assume that a single-layer vascular graft
could not sufficiently capture all of the complex properties of
the artery wall. Instead, multi-layered grafts could overcome the
mechanical simplicity of homogeneous VMMs by mimicking
the structure–function relationship of the individual layers (19).
Tri-layer arterial grafts have been tested in vitro (20) and
in vivo (21–23). Biomimetic vascular scaffolds with enhanced
tensile strength and burst pressure have been obtained by
supporting porous medial layers with polycaprolactone (21) and
polyurethane (PU) (22), adventitia mimicking materials with
high ultimate stresses. Meanwhile, by changing the thickness of
the medial layer of triple-layered PU scaffolds, the compliance
can be tailored to match that of sheep carotid artery (23). In silico
studies of multi-layer grafts are far less common, despite it
being faster and cheaper to predict the mechanical behaviour

of different graft designs using computational simulations over
physical prototypes. Such studies would provide insight into
the transmural biomechanics of multi-layered grafts under
physiological loads.

Poly(vinyl alcohol) (PVA) hydrogels are promising VMMs
thanks to their biocompatibility and ease of manufacture
(24). Specifically, PVA cryogels (physically-crosslinked hydrogels
formed via one or more freeze–thaw cycles) have gained
significant attention in soft tissue engineering as they alleviate
the need for cytotoxic crosslinking agents (25, 26). PVA cryogels
may even be printed into complex geometries using sub-zero
(<0◦C) additive manufacturing (27–29). When blended with
cell-adhesive macromolecules such as gelatin, the cryogels are
conducive to endothelialisation (30–32). Moreover, their high-
water content and biphasic nature imparts hyper-viscoelastic
properties analogous to soft tissue. The extent of hyperelasticity
(33) and viscoelasticity (34) can be tuned by varying the
formulation and processing parameters, including the number
and duration of freeze–thaw cycles and polymer concentration.
These factors make PVA-based cryogels appealing targets for
multi-layered arterial grafts.

This study aims to simulate the quasi-static biomechanical
response of a hyperelastic, tri-layered finite element (FE) model
of a coronary artery graft, informed from the experimental
characterisation of PVA/gelatin cryogel. These grafts could be
easily manufactured using sub-zero additive manufacturing or
casting techniques. The transmural stress and strain distribution
and compliance of the synthetic grafts under physiological
pressure is validated against a control experiment replicating the
native arterial wall. In addition, the impact of three different
hyperelastic constitutive models on the simulated biomechanics
of the coronary artery will be explored. This study not only
looks to expand the current literature surrounding PVA-based
arterial grafts, but also presents a computational method that
complements the experimental characterisation of hyperelastic
VMMs for soft tissue engineering. In both cases, it is anticipated
that FE modelling will help guide the future design, manufacture
and validation of tri-layered graft constructs for the treatment of
coronary artery disease.

MATERIALS AND METHODS

Overview
An overview of the study is given in Figure 1. First, the
hyperelastic behaviour of four PVA/gelatin cryogel compositions
was determined using uniaxial compression testing. The test data
were fitted to a number of isotropic hyperelastic constitutive
models; the fit and stability of each model were assessed and
the hyperelastic coefficients of stable models were extracted
for FE analysis.

A control experiment replicating the native coronary artery
wall was performed to provide a benchmark for PVA/gelatin
graft behaviour under physiological load. The layer-specific
hyperelastic behaviour of human coronary arteries with
non-atherosclerotic intimal thickening has been determined
experimentally by Holzapfel et al. (18). This data has since been
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FIGURE 1 | Flow chart outlining the study methodology. Dashed lines
represent the steps performed outside of the study.

fitted to polynomial (35), reduced polynomial (36) and Ogden
(37) models for the simulation of coronary artery biomechanics.
However, the rationale behind choosing a specific hyperelastic
model to describe the wall layers is not commonly reported. To
reflect the variety of hyperelastic models used in the literature,
and to investigate the resulting differences in transmural stress
and strain between them, three multi-layered FE models of the
artery wall, one for each constitutive model, were constructed
accordingly. The wall stress and strain distribution of four
multi-layered PVA/gelatin constructs were compared to those of
the three artery models.

Chemicals and Materials
PVA (89–98 kDa and 146–186 kDa), gelatin (Type B from bovine
skin) and sodium sulphate (Na2SO4) were acquired from Merck
Life Science (Dorset, United Kingdom). Potassium hydroxide
(KOH, 85%) was acquired from Alfa Aesar (Lancashire,

United Kingdom). Deionised water from a Purite Millipore
tank (<18 M�, Milli-Q) was used for all experiments unless
otherwise stated.

Preparation of PVA/Gelatin Cryogels
10 wt% PVA/gelatin cryogels were prepared according to the
compositions outlined in Table 1. The following nomenclature is
used: P9G1 denotes a weight/weight (w/w) ratio of PVA:gelatin of
9:1; A/B denotes the molecular weight (Mw) of PVA (A = 146–
186 kDa, B = 89–98 kDa); and C/NC denotes coagulation (C)
versus no coagulation (NC) treatment. For example, P9G1-A-
C represents a 10 wt% cryogel with a PVA:gelatin ratio of 9:1,
comprised of 146–186 kDa PVA, that has been put through
coagulation treatment.

PVA solutions were prepared by autoclaving PVA in Milli-Q
for 1 h at 121◦C. Meanwhile, gelatin was dissolved in water at
50◦C under magnetic stirring for 1 h. Composite PVA/gelatin
solutions were obtained by combining 18 wt% PVA and 2 wt%
gelatin in a 1:1 ratio. To prevent aggregation of the polymer,
the final solution was mixed at 50◦C under constant mechanical
stirring for 1 h followed by 1 h at room temperature (22.5± 1◦C).
The solution was then poured into 20 mm × 10 mm cylindrical
molds and subjected to three freeze–thaw cycles at −20◦C and
room temperature respectively.

Once formed, half of the cryogels were immersed in a non-
solvent (1 M KOH/1 M Na2SO4, “coagulation treatment”) for
1 h to promote further crosslinking of PVA. By exchanging
bulk water with the non-solvent, amorphous PVA is precipitated
out and the polymer microstructure is reinforced. Na2SO4
further aids PVA precipitation by decreasing the solubility of the
polymer, a phenomenon known as the Hofmeister effect (38, 39).
Meanwhile, the other half were immersed in water. All cryogels
were stored in Milli-Q for 3–4 days to ensure equilibrium swelling
was reached (30).

Uniaxial Compression Testing
PVA/gelatin cryogels were compressively loaded to a maximum
of 50% strain at a strain rate of 0.1 mm s−1 using a
Bose Electroforce 3200 testing machine (Bose Corporation,
ElectroForce Systems Group, MN, United States; now TA
Instruments, Delaware, United States) equipped with a 220 N
load cell. Each sample was subjected to 9 preconditioning cycles
to account for stress softening of the polymer chains (40);
the force–displacement data were then recorded on the 10th
cycle. The data were converted to engineering stress (σ) and

TABLE 1 | PVA/gelatin cryogel compositions.

Composition Mw PVA (kDa) Coagulation treatment

P9G1-A-NC 146–186 No

P9G1-A-C 146–186 Yes

P9G1-B-NC 89–98 No

P9G1-B-C 89–98 Yes

P9G1 signifies a w/w ratio of PVA:gelatin of 9:1, A/B denotes the Mw PVA (A = 146–
186 kDa, B = 89–98 kDa) and C/NC signifies whether coagulation treatment (C) or
no coagulation treatment (NC) was employed during manufacture.
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engineering strain (ε) using Equations 1 and 2, where A is the
cross-sectional area of the cryogel (measured using a Vernier
calliper) and L0 is the initial height of the sample.

σ =
F
A

(1)

ε =
4L
L0

(2)

In this study, all compressive stresses and strains are presented
as their absolute values. The resulting stress–strain curves
contained inherent noise due to the resolution of the load
cell. Noise reduces the quality of the hyperelastic constitutive
modelling process described in section “Material Properties”:
therefore, prior to this analysis, it was imperative to smooth
the data such that stress varied smoothly with strain. All data
were smoothed by sampling stress–strain pairs in intervals of 40
between 0 and 25% strain. An interval of 20 was used between 25
and 50% strain to better capture the stiffening behaviour.

Density Measurements
The density of each PVA/gelatin composition was measured in
preparation for the FE model. A geometric approach was used
to relate the volume, V , of each cylindrical sample to its mass,
m (Equation 3). The specimens were dried of surface water
immediately before their masses were recorded using a mass
balance.

ρ =
m
v
=

4m
πd2L

(3)

Finite Element Model
All finite element (FE) models were constructed in Abaqus/CAE
2021 (Dassault Systèmes, SIMULIA Corp., Johnston, RI,
United States) using a quasi-static implicit analysis. The results
of transmural stress and strain were taken as nodal analysis paths
through the thickness of the wall, as shown in Figure 2.

Geometry
The coronary artery was idealised as a straight cylindrical vessel
partitioned into three concentric tissue layers. The thicknesses
of the intima, media, and adventitia were chosen according to
experimental data on human coronary arteries (18) (0.23, 0.30
and 0.34 mm, respectively). The artery was then embedded within
a representative block of soft tissue to represent the surrounding
connective tissues.

Material Properties
The test data were fit to a number of phenomenological
isotropic hyperelastic constitutive models using Abaqus’ non-
linear regression routine. These models use strain energy density
functions, U, to relate the amount of energy needed to deform a
unit volume of a material to the imposed strain at that volume. In
this study, variations of the polynomial (P) strain energy function
were investigated:

UP =

N∑
i+j = 1

Cij
(
I1 − 3

)i(I2 − 3
)j
+

N∑
i = 1

1
Di
(Jel − 1)2i (4)

where U is the strain energy per unit volume; N is the order
of the polynomial; I1 and I2 are the first and second invariants
of the deviatoric Cauchy–Green tensor; Jel is the elastic volume
ratio; and Cij and Di are material constants that describe the
shear (Cij) and compressibility (Di) behaviour of the material.
As PVA is considered near-incompressible (41), Di = 0 and the
compressibility term is subsequently eliminated:

UP =

N∑
i+j = 1

Cij
(
I1 − 3

)i(I2 − 3
)j (5)

If the second invariant of deviatoric strain is omitted, the
polynomial model degenerates into a reduced polynomial (RP)
model of the general form:

URP =

N∑
i = 1

Ci0
(
I1 − 3

)i (6)

Specific forms of each model are obtained for specific choices
of Cij. For example, the Mooney-Rivlin form follows the 1st order
polynomial model:

UMooney−Rivlin = C10
(
I1 − 3

)
+ C01

(
I2 − 3

)
(7)

Removing the second deviatoric strain invariant from the
Mooney-Rivlin form yields the 1st order reduced polynomial, or
neo-Hookean, form. Meanwhile, when N = 3, the Yeoh form is
obtained:

Uneo−Hookean = C10
(
I1 − 3

)
(8)

UYeoh = C10
(
I1 − 3

)
+ C20

(
I1 − 3

)2
+ C30

(
I1 − 3

)3 (9)

By contrast, the Ogden model is a specialised form of the
polynomial model that is expressed by principle stretches instead
of Cauchy–Green invariants:

UOgden =

N∑
i = 1

2µi

α2
i
(λ

αi
1 + λ

αi
2 + λ

αi
3 − 3) (10)

where λi are the principle stretch ratios; and µi and αi material
constants describing the shear behaviour. The parameters of
each model were fitted to the test data using a least squares
optimisation procedure. The stability of each hyperelastic model
was then assessed using the Drucker stability criterion, which
states that stress must continuously increase for increasing
strain (and vice versa) (42). Unstable models were discounted
from further analyses. The correlation between the test data
and each stable hyperelastic model, or “goodness of fit”,
was established using Pearson’s correlation coefficient, r2:

r2
=

 ∑N
i = 1 (σi,exp − σexp)(σi,model − σmodel)√∑N

i = 1
(
σi,exp − σexp

)2 ∑N
i = 1 (σi,model − σmodel)

2

2

(11)
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FIGURE 2 | Discretised three-layer coronary artery wall. A cylindrical coordinate system was adopted using the three-dimensional coordinates r (radial), θ

(circumferential) and z (axial). Each layer was meshed with seven layers of elements through the radial thickness; the nodal analysis path used to extract field variable
values from the model is highlighted by the red dotted line.

TABLE 2 | Layer-specific hyperelastic material coefficients derived from hyperelastic isotropic constitutive models fitted to coronary arterial tissue.

Material parameters

Material model Intima Media Adventitia From study

Polynomial C10 = −0.204 MPa,
C01 = 0.223 MPa,
C20 = 1.37 MPa,
C11 = −3.71 MPa,
C02 = 2.67 MPa

C10 = −0.117 MPa,
C01 = 0.128 MPa,
C20 = 0.224 MPa,
C11 = − 0.672 MPa,
C02 = 0.569 MPa

C10 = −0.189 MPa,
C01 = 0.202 MPa,
C20 = 0.459 MPa,
C11 = −1.38 MPa,
C02 = 1.34 MPa

(35)

Reduced Polynomial C10 = 6.79× 10−3 MPa,
C20 = 0.54 MPa,

C30 = −1.11 MPa,
C40 = 10.65 MPa,
C50 = −7.27 MPa,
C60 = 1.63 MPa

C10 = 6.52 × 10−3 MPa,
C20 = 4.89 × 10−2 MPa,
C30 = 9.26 × 10−3 MPa,

C40 = 0.76 MPa,
C50 = −0.43 MPa,

C60 = 8.69 × 10−2 MPa

C10 = 8.27× 10−3 MPa,
C20 = 1.20× 10−2 MPa,

C30 = 0.52 MPa,
C40 = −5.63 MPa,
C50 = 21.44 MPa,
C60 = 0.00 MPa

(36)

Ogden µ1 = −5.70 MPa
µ2 = 3.58 MPa
µ3 = 2.17 MPa
α1 = 24.43
α2 = 25.00
α3 = 23.24
D1 = 0.85

µ1 = −1.84 MPa
µ2 = 1.12 MPa
µ3 = 0.73 MPa
α1 = 21.71
α2 = 22.00
α3 = 21.20
D1 = 4.11

µ1 = −1.99 MPa
µ2 = 1.20 MPa
µ3 = 0.81 MPa
α1 = 24.61
α2 = 25.00
α3 = 23.90
D1 = 3.92

(37)

where, for N stress–strain pairs, σi,exp is the experimental
stress and σi,model is the stress derived from the stress–strain
relation of each strain energy function. Derivation of these
stress–strain relations is described in detail elsewhere (43).
The hyperelastic parameters for each cryogel composition
were averaged to provide single material constants for
FE analysis (see Data Analysis). A displacement-driven
uniaxial compression FE model matching the experimental
setup was simulated using these constants and the
resulting stress–strain responses were compared to the
individual test data.

To allow direct comparison of PVA/gelatin cryogel and
coronary artery hyperelastic parameters, a common parameter
that can be derived from all constitutive models was needed. The

initial shear modulus, µ0, was calculated using Equations 12–14.

µ0,P = 2(C10 + C01) (12)

µ0,RP = 2(C10) (13)

µ0,Ogden =
1
2

N∑
i = 1

µiαi (14)

Layer-specific hyperelastic coefficients of human coronary
arteries were obtained from the literature and are listed in Table 2.
The surrounding soft tissue was modelled as a Hookean linearly
elastic material with a Young’s modulus of 0.05 MPa (44) and a
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Poisson’s ratio of 0.49. The tissue layers were modelled using an
average value of density for soft tissue (1.04 × 10−6 kg mm−3)
according to a previous study (44).

Boundary Conditions
Using radial (r), circumferential (θ) and axial (z) cylindrical
coordinates (Figure 2), the outer surface of the soft tissue
was constrained circumferentially in all six degrees of freedom.
The inlets of the soft tissue and each tissue layer were also
constrained axially. This allowed the artery to expand freely
in both the radial and circumferential directions. The load
was applied radially to the luminal surface of the model
using two analysis steps: an 80 mmHg pressure load was
first applied to represent diastolic blood pressure, and an
additional 40 mmHg was applied to reach a systolic blood
pressure of 120 mmHg.

To replicate the behaviour between heterogeneous tissue
and material boundaries, as opposed to a homogeneous
construct, the following interface constraints were applied.
The contact between each tissue layer was modelled using
surface-to-surface interactions with hard penalty contact
constraints. Under the quasi-static luminal pressure applied
in this study, assuming these hard penalty contact constraints,
there will be no relative radial motion between the interfacing
surfaces. To enable circumferential motion yet also prevent
unconstrained sliding, static friction coefficients were used to
model the behaviour between interfacing arterial tissue and
PVA/gelatin layers. There is very limited research exploring
the interactions between the surfaces of the artery wall layers
and the surfaces of hydrogels. In their balloon angioplasty
analysis, Mortier et al. (45) applied a friction coefficient of
0.2 between all contact pairs. While the friction coefficient
between interfacing PVA layers has not been reported, the
biotribological behaviour of PVA and titanium alloy yielded a
friction coefficient of 0.04 (46). These estimated values were
applied in this study.

Mesh
The artery and surrounding soft tissue were discretised using
solid linear hexahedral (C3D8RH) elements. Hybrid (H)
elements were used to prevent volumetric locking, while reduced
integration (R) elements were chosen to account for geometric
nonlinearity. A mesh convergence study was conducted to ensure
the values of stress obtained were independent of the mesh
(Supplementary Figure 1). The resulting mesh contained a total
of 171,200 elements, with an edge length of 0.36 mm, for the wall
layers. Each layer contained seven layers of elements through the
radial thickness (Figure 2).

Data Analysis
A total of eight samples were tested per cryogel composition.
All constitutive parameters are presented as mean ±
standard deviation (SD). Although single sets of optimal
Ogden constitutive parameters were obtained for three of the
compositions, two sets were obtained for P9G1-B-C: for one
set, α1 > 0, and for the other, α1 < 0. Both sets are equally
valid combinations of coefficients and yielded similar r2 values

FIGURE 3 | Representative curve fit of stable hyperelastic models to uniaxial
compression data, taken from an individual P9G1-A-C sample.

(Supplementary Table 1). To allow averaging of the Ogden
coefficients, samples where α1 < 0 were excluded from the
dataset. The sample size was subsequently reduced to n = 6
for all PVA/gelatin compositions and for the calculation of
mean ± SD of all other stable constitutive models. The effect
of Mw and coagulation treatment on Cij and µ0 of PVA/gelatin
cryogels were analysed in SigmaPlot 14.5 (Systat Software Inc,
San Jose, CA, United States) using one-way ANOVA with the
Holm-Sidak post-hoc test.

RESULTS

Hyperelastic Constitutive Modelling of
PVA/Gelatin
When compressed to large (50%) compressive strains, each
PVA/gelatin composition exhibited a characteristic “J”-shaped
hyperelastic stress–strain response to loading. The stress–strain
curves for individual samples are included in the Supplementary
Material (Supplementary Figure 2). All phenomenological
hyperelastic isotropic models routinely available in Abaqus were
fitted to the test data. Those satisfying the Drucker stability
criterion under uniaxial, biaxial and shear deformation, across
all strain ranges, were then checked for accuracy according to
their r2 value.

While the Mooney-Rivlin model provided a stable fit for
some samples, it yielded instabilities in others (Supplementary
Table 2). The neo-Hookean model, on the other hand, was
unconditionally stable, as were the first order Ogden and
second, third (Yeoh) and fifth order reduced polynomial models
(Figure 3 and Supplementary Table 3). The correlations between
each model and the test data were close to unity (1< r2 > 0.9).
Nevertheless, the neo-Hookean model underestimated stress at
large strains, yielding the weakest correlation for all PVA/gelatin
compositions (r2

≈ 0.93). The approximation of stress at higher
strains was improved by increasing the number of terms in the
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TABLE 3 | First order Ogden and Yeoh constitutive parameters fitted to
PVA/gelatin compression data and densities of all PVA/gelatin cryogel
compositions (mean ± SD).

First order Ogden constitutive parameters

P9G1-A-C P9G1-A-NC P9G1-B-C P9G1-B-NC

µ1 (MPa) 0.0444 ±
0.0060

0.0374 ±
0.0042

0.0276 ±
0.0010

0.0227 ±
0.0025

α1 7.116 ± 0.528 6.553 ± 0.276 7.765 ± 0.493 7.311 ± 0.581

µ0 (MPa) 0.157 ± 0.016 0.122 ± 0.012 0.107 ± 0.009 0.083 ± 0.011

r2 0.9994 ±
0.0004

0.9988 ±
0.0008

0.9994 ±
0.0003

0.9988 ±
0.0008

Yeoh constitutive parameters

P9G1-A-C P9G1-A-NC P9G1-B-C P9G1-B-NC

C10 (MPa) 0.0205 ±
0.0035

0.0180 ±
0.0024

0.0126 ±
0.0006

0.0108 ±
0.0014

C20 (MPa) 0.0015 ±
0.0028

−0.0015 ±
0.0019

0.0015 ±
0.0014

−0.0007 ±
0.0007

C30 (MPa) 0.0042 ±
0.0017

0.0044 ±
0.0012

0.0032 ±
0.0006

0.0033 ±
0.0009

µ0 (MPa) 0.0410 ±
0.0070

0.0360 ±
0.0049

0.0252 ±
0.0012

0.0217 ±
0.0027

r2 0.9994 ±
0.0008

0.9984 ±
0.0009

0.9997 ±
0.0002

0.9985 ±
0.0007

Density

ρ (kgm3) 1080 ± 36 1190 ± 19 1070 ± 37 1120 ± 38

reduced polynomial model, as evidenced by increasing r2 values;
however, similar r2 values were observed between Yeoh and fifth
order reduced polynomial models (r2

≈ 0.99). Meanwhile, a
single-term Ogden model was sufficient to capture the strain-
stiffening behaviour of PVA/gelatin cryogel (r2 > 0.99). The
average Ogden and Yeoh constitutive parameters for the stable
models are presented in Table 3.

Statistical analysis of the reduced polynomial parameter C10,
interpreted as 1

2µ0, revealed a significant increase in stiffness as
a function of Mw PVA for the Yeoh and fifth order polynomial
models (p < 0.05), but not as a result of coagulation treatment
(p > 0.05, Supplementary Table 4). Conversely, a statistically
significant increase in the Ogden parameter µ1 was observed
as a function of Mw PVA or use of coagulation treatment. The
same trend was observed for µ0. For all compositions, |α1| > 2.
This reflects the stiffening effect observed at higher strain (47).
However, the only statistically significant change in α1 when
varying the manufacturing parameters was between P9G1-A-NC
and P9G1-B-C (p = 0.02).

Validation of Yeoh and Ogden
Constitutive Parameters for FE Modelling
The Yeoh and first order Ogden models were taken forward
to represent the hyperelastic behaviour of PVA/gelatin cryogel
in all FE models. The mean stress–strain responses, yielded by
the mean values of each model’s constitutive parameters, were
obtained using a displacement-driven uniaxial compression FE
model and compared to the experimental stress–strain responses

of individual samples (Figure 4). This method successfully
generated master curves reflecting the mean mechanical
properties of each cryogel composition, with strain-stiffening
behaviour analogous to the test data.

Comparison of Coronary Artery Model
Transmural Biomechanics
The tri-layer FE model was first run using layer-specific
hyperelastic material coefficients fitted to coronary arterial
tissue (Table 2). The strain response of each layer of the
artery model showed a non-linear relationship with pressure
across the 0–120 mmHg pressure range. Demonstrated
for the circumferential strain (εθ) of the intima in
Figures 5A,B, this indicates a strain-stiffening response
at higher physiological pressures, a phenomenon well
documented experimentally (48, 49). Analogous behaviour
was observed for εr,intima (Supplementary Figure 3). To
prevent repetition, εθ,media/εr,media and εθ,adventitia/εr,adventitia
are included in Supplementary Figures 4, 5. The response
was approximately linear between diastole (80 mmHg)
and systole (120 mmHg). Furthermore, the difference in
εθ between each model was largest at systolic pressure:
for example, εθ,intima = 0.14 ± 0.01, 0.15 ± 0.01 and
0.19 ± 0.02 MPa in the polynomial, reduced polynomial
and Ogden models, respectively. A similar trend was
observed for εr (εr,intima = 0.13 ± 0.01, 0.13 ± 0.01 and
0.15± 0.01 MPa, respectively).

The circumferential stress (σθ) and radial stress (σr) at systolic
pressure, as a function of radial wall thickness, are displayed
in Figures 5C,D. For all three coronary artery models, the
distribution of σθ was non-uniform across the three tissue layers
(Figure 5C). Each model demonstrated maximum σθ at the
luminal surface, followed by a marked decrease at the intima–
media interface. Of the three models, the maximum value of
σθ was lower in the polynomial model (σθ = 0.079 MPa)
than in the Ogden (σθ = 0.117 MPa) and reduced polynomial
(σθ = 0.126 MPa) models. Though a further increase in σθ was
observed between the media and adventitia in the Ogden and
polynomial models, σθ distribution transitioned continuously
across the media–adventitia interface in the reduced polynomial
model. The effects of compressive stresses through the wall
cannot be neglected as the artery has a radius-to-thickness ratio
of less than 10, necessitating the thick-walled assumption. In all
cases, σr was an order of magnitude lower than σθ and decreased
with increasing distance from the luminal surface (Figure 5D).

PVA/Gelatin Graft Design Validation
Based on the transmural trends observed from the coronary
artery models in section “Comparison of Coronary Artery Model
Transmural Biomechanics,” the following targets were set for the
PVA/gelatin graft constructs:

(I) for σθ, σθ,intima > σθ,media ≤ σθ,adventitia;
(II) for σr , σr,intima > σr,media > σr,adventitia;

(III) for εθ and εr , strain-stiffening should occur between 0 and
120 mmHg pressure.
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FIGURE 4 | Simulated compressive stress–strain response using averaged Yeoh (solid blue line) and first order Ogden (solid orange) parameters of (A) P9G1-A-C,
(B) P9G1-A-NC, (C) P9G1-B-C, and (D) P9G1-B-NC, compared to experimental test data (grey dashed lines).

The original test data of Holzapfel et al. (18) and the
results from “Comparison of Coronary Artery Transmural
Biomechanics” of this study show that the coronary intima
displays substantial mechanical strength and load-bearing
properties. By contrast, the media is the softest of the three tissue
layers. The intima was therefore set to the stiffest PVA/gelatin
composition (P9G1-A-C), and the media was set to the most
compliant PVA/gelatin composition (P9G1-B-NC), using the
Ogden and Yeoh parameters fitted in section “Hyperelastic
Constitutive Modelling of PVA/Gelatin.” The adventitia was
then varied across the four cryogel compositions tested in the
study (Table 4).

The distributions of σθ, εθ, σr , and εr demonstrate a qualitative
correlation between the histologically derived coronary artery
models (Figure 5) and the synthetic graft designs (Figures 6, 7).
Figures 6B,C show the circumferential biomechanics of the
four PVA/gelatin graft designs outlined in Table 4 at systolic
pressure. σθ was largest at the luminal surface of all four
grafts, comparable to the location of maximum σθ in the three
coronary artery models. Moreover, σθ decreased across the
intima–media interface.

Grafts PG-1, PG-2, and PG-3 replicate the behaviour of a
tri-layered system, with an increase in circumferential stiffness
provided by the adventitial layer. This mimics the behaviour of
the Ogden and polynomial coronary artery models (Figure 5C).
The distribution of σθ was discontinuous at the media–
adventitia interface; σθ,adventitia increased with increasing stiffness
of adventitia mimicking material (PG-1 > PG-2 > PG-3).
Meanwhile, σθ,intima decreased (Figures 6B,C). This suggests that
increasing the stiffness of the adventitia shifts the distribution
of σθ from the intima to the adventitia (and, simultaneously,
εθ is reduced across all three tissue layers). On the other hand,
PG-4 displayed no discernible change in stiffness between the
media and adventitia. Instead, PG-4 behaves like a bi-layered
graft consisting of a stiff intima and compliant media–adventitia
with biomechanics akin to the reduced polynomial coronary
artery model. As the graft with the most compliant adventitia
mimic, PG-4 exhibited the highest maximum σθ and εθ of
the four designs.

The radial biomechanics of PG-1, PG-2, PG-3 and PG-4
mimicked that of both bi- and tri-layered coronary artery models.
At approximately the same magnitude as the applied pressure
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FIGURE 5 | Transmural biomechanics of the coronary artery using the Ogden, polynomial and reduced polynomial hyperelastic parameters listed in Table 2. The
mean εθ of the coronary intima between (A) 0–120 and (B) 80–120 mmHg pressure (dashed lines show the S.D. for each model). Similar trends were observed for
εθ,media, εθ,adventitia, εr,intima, εr,media and εr,adventitia; for these, the reader is referred to Supplementary Figures 3–5. (C) σθ and (D) σr profiles for each model through
the radial thickness of the artery wall, extracted at systolic pressure. Grey dashed lines represent the intima–media and media–adventitia interfaces.

(120 mmHg ≈ 0.016 MPa), σr was highest at the luminal
surface of the graft with stepwise decreases between each tissue
layer (Figure 7A).

For each bi- and tri-layered graft and its relevant artery
model equivalent, stress and strain were on the same order of
magnitude. However, there were some notable location-specific

TABLE 4 | PVA/gelatin (PG) compositions used in the four iterations of the
PVA/gelatin FE model.

PG-1 PG-2 PG-3 PG-4

Intima P9G1-A-C P9G1-A-C P9G1-A-C P9G1-A-C

Media P9G1-B-NC P9G1-B-NC P9G1-B-NC P9G1-B-NC

Adventitia P9G1-A-C P9G1-A-NC P9G1-B-C P9G1-B-NC

quantitative differences which vary in the degree of error. The
relative differences in transmural stress and strain distribution
between the synthetic grafts and arterial models (σθ,r(diff) and
εθ,r(diff)) at 120 mmHg pressure were calculated using Equation
15 and are plotted in Supplementary Figures 9–11.

σ, εθ,r(diff) =
σ, εθ,r(PVA/gelatin) − σ, εθ,r(artery)

σ, εθ,r(artery)
× 100% (15)

Key discrepancies were observed at the luminal surface of the
grafts and the interfaces between tissue layers. These differences
are compounded by the choice of hyperelastic model used to
model both PVA/gelatin and the coronary artery. Focusing on
σθ distribution, the magnitude of σθ at the luminal surface of
PG-1, PG-2 and PG-3 when modelling the cryogels using Ogden
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FIGURE 6 | The circumferential biomechanics of PVA/gelatin grafts at systolic pressure. (A) The mean εθ of the PVA/gelatin graft intima between 0–120 and
80–120 mmHg pressure (error bars have been omitted for clarity). Similar trends were observed for εθ,media, εθ,adventitia, εr,intima, εr,media and εr,adventitia; for these, the
reader is referred to Supplementary Figures 6–8; (B) σθ and εθ profiles through the radial thickness of each PVA/gelatin graft design, modelled using Ogden (solid
lines) and Yeoh (dashed lines) hyperelastic parameters. Grey dashed lines represent the intima–media and media–adventitia interfaces; (C) From left to right, σθ

contour maps of each PVA/gelatin graft design using Ogden parameters.

parameters was 40–49% lower than that observed in the Ogden
coronary artery model and 12–24% lower than that observed
in the polynomial coronary artery model. Using Yeoh cryogel
parameters, σθ(diff) at the same location were 45–55% and 19–33%
lower, respectively.

While σθ was larger at the luminal surface of the coronary
artery than in the PVA/gelatin grafts, the opposite was true at
the intima–media interface. Of the tri-layered coronary artery
models, σθ more closely aligned with the polynomial model
(7–32% and –8–17% larger when using Ogden and Yeoh cryogel
parameters, respectively) than the Ogden model (65–103 and
42–80% larger, respectively). Together, these results indicate that
the difference in stiffness between native intima and native media
is higher than the PVA/gelatin intima/media mimics used in
this study (P9G1-A-C and P9G1-B-NC). Indeed, the difference

between µ0,intima and µ0,media in the Ogden coronary artery
model and Ogden-based PVA/gelatin grafts was larger in the
former (0.255 MPa) than the latter (0.074 MPa).

Unlike the coronary artery, the strain response of each
layer of the PVA/gelatin graft showed an approximately linear
relationship with pressure across the 0–120 mmHg pressure
range (Figure 6A). Strain stiffening was not observed at
physiological pressure. εθ and εr were subsequently higher in all
synthetic grafts than in each coronary artery model at systolic
pressure. This result was more pronounced when using the Yeoh
model to describe the material response of PVA/gelatin. The
compliance, taken here as the relative change in cross-sectional
area between diastolic and systolic pressure, is related to εr and
can be used as a general marker of graft stiffness. For all three
arterial models, compliance mismatch was lowest for PG-1 and
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FIGURE 7 | The radial biomechanics of PVA/gelatin grafts at systolic pressure. (A) σr and εr profiles through the radial thickness of each PVA/gelatin graft modelled
using Ogden (solid lines) and Yeoh (dashed lines) hyperelastic parameters. Grey dashed lines represent the intima–media and media–adventitia interfaces; (B)
Compliance of PVA/gelatin grafts compared to coronary artery models.

largest for PG-4 (Figure 7B). The relative error between graft
and artery compliance was reduced by using the Ogden model
to define the material response of PVA/gelatin. For example,
the compliance of PG-1 modelled using Ogden parameters was
177–270% higher than the coronary artery models, compared to
369–527% for the corresponding Yeoh parameters.

DISCUSSION

Tri-layered grafts are gaining traction in small-diameter blood
vessel tissue engineering as a strategy to reduce the mechanical
incompatibilities associated with homogeneous grafts (19). FE
analysis has the potential to rapidly accelerate the design process
for engineering biomimetic synthetic grafts by highlighting the
parameters which promote specific mechanical behaviours (50).
However, its use in the design and validation of multilayered
synthetic arterial grafts is relatively unexplored.

In arteries, circumferential stretch activates various EC
mechanoreceptors regulating extracellular matrix remodeling,
vascular tone homeostasis and inflammation (8). Understanding
the influence of graft stress and strain on EC behaviour in relation
to the local stresses of the native artery wall may therefore
provide insight on graft performance. Yet, no studies have
investigated the transmural stress and strain distribution through
multi-layered grafts. This study therefore aimed to evaluate the
transmural biomechanics of synthetic PVA/gelatin grafts under
quasi-static loading using FE analysis and subsequently compare
the stress and strain distributions to coronary artery tissue.

Like arteries, hydrogels are nearly incompressible and
demonstrate a non-linear response to loading. Thus, a
hyperelastic model was needed to emulate the mechanical
behaviour of both the artery and the synthetic graft construct.
This study first characterised the hyperelasticity of four
PVA/gelatin cryogel compositions according to a number of
isotropic models used to empirically describe rubbery materials.
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Pure PVA cryogels have previously been fitted to first (33,
51) and second (52) order polynomial, Yeoh and Ogden (53)
models. Here, the hyperelastic response of PVA/gelatin cryogels
has been calibrated to polynomial, reduced polynomial and
Ogden models of varying order, using data obtained under
uniaxial compression.

For a hyperelastic model to be efficient, it should contain as
few terms as possible. This ensures that each coefficient describes
some part of the mechanical response of the material and
minimises the number of experimental tests needed to fit them
(54, 55). The model must also be stable across the strain region
of interest. Stability is especially important when characterising
a synthetic graft material because the FE model must accurately
predict its behaviour when subjected to multi-axial stress states,
such as those experienced in a pressurised artery. In this study,
the stability of PVA/gelatin cryogel under biaxial and planar
shear is considered qualitatively using the material constants
obtained under uniaxial compression, as neither biaxial nor
shear tests were performed experimentally. This approach has
been implemented in the characterisation of other hyperelastic
materials (56).

The Mooney-Rivlin model failed to consistently predict
the hyperelastic behaviour of each cryogel composition; it
yielded Drucker instabilities under uniaxial, biaxial and planar
compression and tension. Removing the second strain invariant
overcame these instabilities. However, while the neo-Hookean
model is suited to limited test data (54), it could not capture
the strain hardening effect observed at high (>30%) strain. This
is reflected in the correlation coefficient, which was notably
lower than the other stable models for all cryogel compositions.
Increasing the order of the reduced polynomial improved the
approximation of the stiffening response of PVA/gelatin cryogel
at high strain. The third order reduced polynomial (Yeoh) model
provided the necessary accuracy at high strain while keeping the
order of the strain energy density function as low as possible.

The first order Ogden model provided a good fit using
only two coefficients: µ1, with units of pressure, and α1, a
dimensionless quantity that determines the non-linearity of the
stress–strain plot. Together, they describe the shear modulus of
the cryogel. The Ogden model has been used to capture the
hyperelastic behaviour of many soft strain-hardening materials,
including gelatin gels (57). Second and third order Ogden models
need test data from multiple deformation modes for a stable fit;
however, other studies have demonstrated that the first order
model can properly characterise hydrogels under compression
(57, 58).

Analysis of PVA/gelatin Ogden parameters shows that
increasing the Mw of PVA or using coagulation treatment
increased µ1 and thus the stiffness of the cryogel (p < 0.05).
This agrees with previous literature, where higher elastic (30, 59)
and dynamic complex (34) moduli have been linked to changes
in the gel microstructure caused by the cryogelation process. No
statistical significance in α1 was observed as either a function
of Mw PVA or use of coagulation treatment. This indicates that
the curvature of the stress–strain plot is independent of both
manufacturing parameters and each composition exhibits the
same overall trend in stress-stiffening response over 50% strain.

Interestingly, the Yeoh model did not highlight a statistically
significant increase in its stiffness parameter C10 when using
coagulation treatment. This discrepancy may be explained by
considering that C10 =

1
2µ0 and thus describes only the

initial region of the stress–strain curve, which does not vary
significantly with use of coagulation treatment. However, µ1 is
influenced by the non-linearity of the curve at higher strain
(µ1 =

2µ0
α1

). Importantly, the simulated stress–strain responses
of each PVA/gelatin composition under compression, obtained
using the mean values of the hyperelastic parameters of both
constitutive models, compare well with the experimental test
data. Despite the differences in constitutive parameters, both
the first order Ogden and Yeoh models are appropriate for
modelling the quasi-static behaviour of PVA/gelatin cryogel
under compression.

Arterial wall stiffness is commonly probed using uniaxial
and biaxial testing; for coronary arteries, the values range
hugely from 0.9 kPa to 10 MPa (11). The experimental
work of Holzapfel et al., which examined the layer-specific
mechanical properties of human coronary arteries under tension
(18), remains the basis of many computational studies where
layer-specific wall properties are relevant to the simulation
(35–37, 60–63). In all cases, a phenomenological approach
is used to curve fit the experimental test data and extract
the hyperelastic coefficients that best capture the “J”-shaped
hyperelastic stress–strain curve. The optimal model is the
one which provides the best fit across the required strain
range. However, these cited studies differ in the material
constitutive law used to fit the same experimental data. The
rationale behind hyperelastic model choice is not always stated.
Furthermore, the impact of hyperelastic model choice on
the desired FE outputs is rarely investigated or compared.
This study highlights the difference in transmural stress and
strain, and subsequently compliance, using three isotropic
strain energy density constitutive equations based on the same
experimental data.

The results indicate that both circumferential (tensile) and
radial (compressive) stress and strain primarily act upon the
intimal layer of coronary arteries with non-atherosclerotic
intimal thickening, regardless of hyperelastic model used.
However, while the stiffness of each of the three layers is distinct
when using the Ogden and polynomial models, the reduced
polynomial model behaves like a bi-layered wall consisting of
an intima and combined media–adventitia layer. These results
not only have implications in the assessment of synthetic grafts,
where arterial wall properties are needed as a benchmark for
their performance, but for any FE model aiming to replicate
the quasi-static biomechanics of the coronary artery wall.
This is particularly relevant when modelling (or mimicking)
mechanotransduction in the endothelium, as the forces generated
by stress and strain within the wall play a concerted role in
mediating healthy and disease-related endothelial cell behaviour
(64). For instance, numerical analysis has shown that transmural
pressure influences low-density lipoprotein accumulation across
the intima and media, a key process in the progression of
atherosclerotic plaques (65). Yet, the impact of the material
model used to model these tissue layers was not discussed.
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The stress–strain results of all three coronary artery models
study align with the experimental data from which the
hyperelastic parameters were fitted: at physiological pressures,
the intima is largely responsible for the mechanical strength of
the coronary artery (18). It displays the highest stiffness of all
three tissue layers and bears the brunt of both circumferential and
radial stresses. At the intima–media interface, σθ drops an order
of magnitude while the gradient of σr decreases substantially.
The contributions of the two layers to the mechanical properties
of the wall must therefore be considered separately. This is
in contrast to studies performed using porcine coronary artery
data, where the intima and media are generally analysed as a
combined intima–media layer (16, 17). These results reflect the
limitations associated with using such bi-layered models (i.e.,
models comprised of intima–media and adventitia) as the basis
to develop functional coronary artery grafts.

FE analysis has shown that, by keeping the composition
of PVA/gelatin cryogel fixed across the intima and media and
varying the stiffness of the adventitia, hyperelastic bi- or tri-
layered synthetic grafts of variable mechanical stiffness can
be constructed. Qualitatively, PG-4 (where the same cryogel
composition is used as both the media and adventitia mimic)
captures the behaviour of the bi-layered reduced polynomial
arterial model, while PG-1, -2 and -3 resemble the tri-
layered Ogden and polynomial arterial models. Mimicking the
additional stiffness provided by the adventitia in the tri-layered
models is achieved by choosing a cryogel composition where
σθ,adventitia > σθ,media; this has been accomplished by increasing
the Mw of PVA and/or employing polymer coagulation to
increase the crystalline domain of PVA. Crucially, increasing
the stiffness of the adventitia mimicking material influences
the transmural distribution of stress and strain in the graft.
σθ distribution is reduced in the intima and increased in the
adventitia. The compliance of the graft also decreases. While this
study has focused on PVA/gelatin grafts, the importance of layer
stiffness is translatable to other hyperelastic VMMs and should be
considered when designing any multi-layered graft.

Quantitatively, several differences are observed in the stress–
strain behaviour of the synthetic grafts and arterial tissue.
Despite strain increasing linearly between diastole and systole
in both the artery and synthetic models, the coronary artery
exhibits significant strain stiffening at pressures below diastole.
PVA/gelatin, however, does not; at systolic pressure, the εθ

and εr of PVA/gelatin grafts reached up to double that in
native tissue. Furthermore, the relative error between graft
and artery was highly sensitive to the constitutive models
used to describe them. The compliance of all four synthetic
grafts at physiological pressure was notably higher than the
compliance of each coronary artery model. Compliance values
are lacking in the majority of multi-layered artery graft literature,
despite it being a critical parameter in determining graft
success (19). From the perspective of shear stress exerted at
the blood–endothelium interface, mismatched wall compliance
changes the cross-sectional area of the vessel and thus flow
through the vessel, particularly at anastomoses. Given the
impact that manufacturing parameters have on the mechanical
properties of PVA/gelatin cryogel, designing stiffer PVA/gelatin

compositions with enhanced strain-stiffening behaviour could
reduce the compliance and better fit the requirements of synthetic
coronary artery grafts.

There are certain limitations in the study that should
be addressed. Firstly, viscoelasticity and anisotropy were not
incorporated into any of the constitutive material models used.
As the frequency and stress relaxation responses of PVA/gelatin
were not measured in this study, viscoelastic effects were
neglected. The quasi-static nature of this study renders this
an applicable simplification. If future work seeks to investigate
dynamic loads, or the time-dependent stress response of artery
and graft, viscoelasticity would need to be represented in
the constitutive material model. Arteries display direction-
dependent stress–stretch responses (18). As longitudinal motion
was constrained in this study, isotropic hyperelastic coefficients
fitted to circumferential stress–stretch data were applicable
and hence sourced from the literature (Table 2). The casting
method used to manufacture PVA/gelatin cryogels produced
isotropic samples. In future, anisotropy may be engineered
into PVA/gelatin cryogels by introducing a freezing gradient
during the initial freezing step (39, 66) or through cryogenic 3D
printing (29).

The effects of residual stresses (axially, radially and
circumferentially) were not incorporated into the coronary
artery models; that is, when free of external load, the models
were assumed to experience a zero-stress state. Residual stresses
affect the uniformity of transmural stress in arteries (67), and
the magnitude of σθ at the luminal surface has been shown
to reduce significantly in their presence (68). Consequently,
the disparity in σθ at the surface of PVA/gelatin grafts and the
coronary artery may be less significant than reported in this
study. While future efforts should be made to include the effects
of residual stress and strain, the qualitative trends reported
here – the relative magnitudes of σθ and σr , the discontinuity of
σθ at the media–adventitia interface and the off-loading of stress
from the intima to the adventitia – match those reported when
residual stresses are considered (68). In addition, the perivascular
pressure (exemplified here by embedding the artery and graft in a
fixed block of surrounding connective tissue) will influence stress
and strain distribution through the vessel wall. The properties
and boundary conditions associated with this surrounding tissue
should thus be explored further in future work.

To allow relative motion between the heterogeneous
boundaries of the simulated coronary artery wall and PVA/gelatin
grafts, the interfacing surfaces of the mesh were allocated hard
penalty contact constraints and a friction coefficient. For this
quasi-static study of the transmural biomechanics of a laminated
artery and graft, this is an applicable assumption. However,
it should be noted that further research involving dynamic
loading conditions requires further research into how to most
accurately define the behaviour of these interfacing surfaces.
There is negligible literature defining this behaviour. The friction
coefficient used between the layers of the artery wall, for example,
was taken from the literature (45). The authors note that a
friction coefficient of 0.2 was assumed “for all contact pairs”,
though they do not explicitly identify which surfaces this applies
to. The interactions between two PVA surfaces are even less
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defined and will be influenced by the manufacturing protocol.
Crolla et al. demonstrated that 3D printed PVA cryogel fails
at the interfacing boundaries between the printed filaments
when tested under tension (29), suggesting that simply tying the
surfaces together and constraining translational and rotational
motion is unsuitable for representing the contact behaviour. As
the model complexity is increased to incorporate the effects of
wall viscoelasticity and complex geometries, research into the
interfacing behaviour must be undertaken.

CONCLUSION

The transmural biomechanics of multi-layered coronary artery
grafts is a largely unexplored area of cardiovascular research,
despite the important role of wall stress and strain distribution on
vascular (dys)function. The hyperelastic constitutive parameters
for PVA/gelatin cryogel, a versatile biomaterial capable of
replicating the biomechanics of soft tissue, were first extracted
from uniaxial compression data. Then, using experimentally-
informed finite element models, the quasi-static responses of
four PVA/gelatin graft designs were evaluated relative to the
coronary artery wall. In all cases, stress and strain distribution
were heavily influenced by the constitutive model used to capture
the hyperelastic response of each material, despite being fitted
to the same experimental data. Bi- and tri-layered grafts were
obtained by varying the stiffness of the adventitia mimic relative
to the stiffness of the media mimic: increasing the adventitial
stiffness reduced the maximal stresses observed at the luminal
surface of the graft and decreased graft compliance. Importantly,
the qualitative trends of stress and strain distribution matched
those observed in the coronary artery.

This article presents a new method for designing multi-
layered hydrogel grafts that synergises experimental data
with computational simulations to enhance our current
understanding of the transmural biomechanics of synthetic grafts
under physiological loading. The results highlight the impact
of hyperelastic model choice in replicating arterial mechanical
behaviour, a finding that has significance across the wider field
of finite element analysis in cardiovascular mechanics. Moreover,
the results highlight the inadequacy of homogeneous constructs
to replicate the biomechanics of the native wall and emphasise
the need for biomimetic, multi-layered graft designs. Identifying
the design parameters that affect the transmural biomechanics
of synthetic grafts will facilitate better understanding of graft
performance. Thus, future work should look at validating the
results of the FE model by seeding the multi-layer graft designs
proposed here and assessing the impact of cyclic stretch on

EC behaviour. While FE analysis shows that the grafts were
considerably more compliant than the native artery wall, the
proposed method is applicable to the development of other
hyperelastic VMMs for cardiovascular tissue engineering.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

Ethical review and approval was not required for this study
in accordance with the local legislation and institutional
requirements.

AUTHOR CONTRIBUTIONS

KF contributed to the conception, design and implementation
of the research, to the analysis of the results, and to writing the
original draft of the manuscript. NG supervised and contributed
to the conception and design of the research. MB and AI
supervised the research. LT-S supervised and contributed to
the conception, design and implementation of the research. All
authors contributed to manuscript revision, read, and approved
the submitted version.

FUNDING

KF gratefully acknowledges financial support from the EPSRC
through a studentship from the Physical Sciences for Health
Centre for Doctoral Training (EP/L016346/1). All authors
gratefully acknowledge the University of Birmingham for funds
received for open access publication fees. The mechanical testing
equipment used in this study was funded by Arthritis Research
UK grant H0671 (now part of Versus Arthritis).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.883179/full#supplementary-material

REFERENCES
1. British Heart Foundation. Heart & Circulatory Disease Statistics. (2021).

Available online at: https://www.bhf.org.uk/what-we-do/our-research/heart-
statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
(accessed February 14, 2022).

2. Carrabba M, Madeddu P. Current strategies for the manufacture of small size
tissue engineering vascular grafts. Front Bioeng Biotechnol. (2018) 6:41–53. doi:
10.3389/fbioe.2018.00041

3. Wang D, Xu Y, Li Q, Turng L-S. Artificial small-diameter blood vessels:
materials, fabrication, surface modification, mechanical properties, and
bioactive functionalities. J Mater Chem B. (2020) 8:1801–22.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 June 2022 | Volume 9 | Article 883179

https://www.frontiersin.org/articles/10.3389/fcvm.2022.883179/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.883179/full#supplementary-material
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
https://www.bhf.org.uk/what-we-do/our-research/heart-statistics/heart-statistics-publications/cardiovascular-disease-statistics-2021
https://doi.org/10.3389/fbioe.2018.00041
https://doi.org/10.3389/fbioe.2018.00041
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-883179 June 27, 2022 Time: 15:1 # 15

Fegan et al. Transmural Biomechanics Coronary Artery Grafts

4. Mallis P, Kostakis A, Stavropoulos-Giokas C, Michalopoulos E. Future
perspectives in small-diameter vascular graft engineering. Bioengineering.
(2020) 7:1–40. doi: 10.3390/bioengineering7040160

5. Ravi S, Chaikof EL. Biomaterials for vascular tissue engineering. Regen Med.
(2010) 5:107–20.

6. Wu J, Hu C, Tang Z, Yu Q, Liu X, Chen H. Tissue-engineered vascular grafts:
balance of the four major requirements. Colloids Interface Sci Commun. (2018)
23:34–44. doi: 10.1097/00000658-200206000-00013

7. Hatami J, Tafazzoli-Shadpour M, Haghighipour N, Shokrgozar MA, Janmaleki
M. Influence of cyclic stretch on mechanical properties of endothelial cells. Exp
Mech. (2013) 53:1291–8.

8. Jufri NF, Mohamedali A, Avolio A, Baker MS. Mechanical stretch:
physiological and pathological implications for human vascular endothelial
cells. Vasc Cell. (2015) 7:1–12. doi: 10.1186/s13221-015-0033-z

9. Chistiakov DA, Orekhov AN, Bobryshev YV. Effects of shear stress on
endothelial cells: go with the flow. Acta Physiol. (2017) 219:382–408. doi:
10.1111/apha.12725

10. Chen HY, Sinha AK, Choy JS, Zheng H, Sturek M, Bigelow B, et al. Mis-
sizing of stent promotes intimal hyperplasia: impact of endothelial shear and
intramural stress. Am J Physiol Heart Circ Physiol. (2011) 301:H2254–63.
doi: 10.1152/ajpheart.00240.2011

11. Miramini S, Fegan KL, Green NC, Espino DM, Zhang L, Thomas-Seale
LEJ. The status and challenges of replicating the mechanical properties of
connective tissues using additive manufacturing. J Mech Behav Biomed Mater.
(2020) 103:103544–66. doi: 10.1016/j.jmbbm.2019.103544

12. Shadwick RE. Mechanical design in arteries. J Exp Biol. (1999) 202:3305–13.
doi: 10.1242/jeb.202.23.3305

13. Holzapfel GA, Ogden RW. Constitutive modelling of arteries. Proc R Soc A
Math Phys Eng Sci. (2010) 466:1551–97.

14. Wang Z, Golob MJ, Chesler NC. Viscoelastic properties of cardiovascular
tissues. In: El-Amin MF, editor. Viscoelastic and Viscoplastic Materials. Rijeka:
IntechOpen (2016). p. 140–63.

15. Wagenseil JE, Mecham RP. Vascular extracellular matrix and arterial
mechanics. Physiol Rev. (2009) 89:957–89. doi: 10.1152/physrev.00041.2008

16. Lu X, Pandit A, Kassab GS. Biaxial incremental homeostatic elastic moduli
of coronary artery: two-layer model. Am J Physiol Heart Circ Physiol. (2004)
287:H1663–9. doi: 10.1152/ajpheart.00226.2004

17. Lu Y, Wu H, Li J, Gong Y, Ma J, Kassab GS, et al. Passive and active triaxial wall
mechanics in a two-layer model of porcine coronary artery. Sci Rep. (2017)
7:13911–22. doi: 10.1038/s41598-017-14276-1

18. Holzapfel GA, Sommer G, Gasser CT, Regitnig P. Determination of
layer-specific mechanical properties of human coronary arteries with
nonatherosclerotic intimal thickening and related constitutive modeling. Am J
Physiol Heart Circ Physiol. (2005) 289:H2048–58. doi: 10.1152/ajpheart.00934.
2004

19. Goins A, Webb AR, Allen JB. Multi-layer approaches to scaffold-based small
diameter vessel engineering: a review. Mater Sci Eng C. (2019) 97:896–912.
doi: 10.1016/j.msec.2018.12.067

20. Chen X, Yao Y, Liu S, Hu Q. An integrated strategy for designing
and fabricating triple-layer vascular graft with oriented microgrooves to
promote endothelialization. J Biomater Appl. (2021) 36:297–310. doi: 10.1177/
08853282211001006

21. Han F, Jia X, Dai D, Yang X, Zhao J, Zhao Y, et al. Performance of a
multilayered small-diameter vascular scaffold dual-loaded with VEGF and
PDGF. Biomaterials. (2013) 34:7302–13. doi: 10.1016/j.biomaterials.2013.06.
006

22. Jia W, Li M, Weng H, Gu G, Chen Z. Design and comprehensive assessment
of a biomimetic tri-layer tubular scaffold via biodegradable polymers for
vascular tissue engineering applications. Mater Sci Eng C. (2020) 110:110717.
doi: 10.1016/j.msec.2020.110717

23. Wang C, Li Z, Zhang L, Sun W, Zhou J. Long-term results of triple-layered
small diameter vascular grafts in sheep carotid arteries. Med Eng Phys. (2020)
85:1–6. doi: 10.1016/j.medengphy.2020.09.007

24. Kumar A, Han SS. PVA-based hydrogels for tissue engineering: a review. Int J
Polym Mater Polym Biomater. (2017) 66:159–82.

25. Wan W, Bannerman AD, Yang L, Mak H. Poly(vinyl alcohol) cryogels
for biomedical applications. In: Okay O, editor. Polymeric Cryogels. Cham:
Springer International (2014). p. 283–321.

26. McGuinness GB, Vrana NE, Yiu L. Polyvinvyl alcohol-based cryogels: tissue
engineering and regenerative medicine. In: Mishra M editor. Encyclopedia of
Biomedical Polymers and Polymeric Biomaterials. (Vol. 11), Boca Raton, FL:
CRC Press (2014). p. 6743–53.

27. Tan Z, Parisi C, Di Silvio L, Dini D, Forte AE. Cryogenic 3D printing of super
soft hydrogels. Sci Rep. (2017) 7:16293–304. doi: 10.1038/s41598-017-16668-9

28. Meng Y, Cao J, Chen Y, Yu Y, Ye L. 3D printing of a poly(vinyl alcohol)-
based nano-composite hydrogel as an artificial cartilage replacement and
the improvement mechanism of printing accuracy. J Mater Chem B. (2020)
8:677–90. doi: 10.1039/c9tb02278c

29. Crolla JP, Britton MM, Espino DM, Thomas-Seale LEJ. The orthotropic
viscoelastic characterisation of sub-zero 3D-printed poly(vinyl alcohol)
cryogel. MRS Adv. (2021) 6:467–71. doi: 10.1557/s43580-021-00086-1

30. Liu Y, Vrana NE, Cahill PA, Mcguinness GB. Physically crosslinked composite
hydrogels of PVA with natural macromolecules: structure, mechanical
properties, and endothelial cell compatibility. J Biomed Mater Res Part B Appl
Biomater. (2009) 90:492–502. doi: 10.1002/jbm.b.31310

31. Vrana NE, Cahill PA, Mcguinness GB. Endothelialization of PVA/gelatin
cryogels for vascular tissue engineering: effect of disturbed shear stress
conditions. J Biomed Mater Res Part A. (2010) 94:1080–90. doi: 10.1002/jbm.a.
32790

32. Atlan M, Simon-Yarza T, Ino JM, Hunsinger V, Corté L, Ou P, et al. Design,
characterization and in vivo performance of synthetic 2 mm-diameter vessel
grafts made of PVA-gelatin blends. Sci Rep. (2018) 8:7417–29. doi: 10.1038/
s41598-018-25703-2

33. Pazos V, Mongrain R, Tardif JC. Polyvinyl alcohol cryogel: optimizing the
parameters of cryogenic treatment using hyperelastic models. J Mech Behav
Biomed Mater. (2009) 2:542–9. doi: 10.1016/j.jmbbm.2009.01.003

34. Crolla JP, Britton MM, Espino DM, Thomas-Seale LEJ. The dynamic
viscoelastic characterisation and magnetic resonance imaging of
poly(vinyl alcohol) cryogel: identifying new attributes and opportunities.
Mater Sci Eng C. (2021) 129:112383–96. doi: 10.1016/j.msec.2021.11
2383

35. Gholipour A, Ghayesh MH, Zander A, Mahajan R. Three-dimensional
biomechanics of coronary arteries. Int J Eng Sci. (2018) 130:93–114.

36. Gervaso F, Capelli C, Petrini L, Lattanzio S, Di Virgilio L, Migliavacca F. On
the effects of different strategies in modelling balloon-expandable stenting by
means of finite element method. J Biomech. (2008) 41:1206–12. doi: 10.1016/j.
jbiomech.2008.01.027

37. Martin D, Boyle F. Finite element analysis of balloon-expandable coronary
stent deployment: influence of angioplasty balloon configuration. Int
J Num Method Biomed Eng. (2013) 29:1161–75. doi: 10.1002/cnm.
2557

38. Zhang Y, Cremer PS. Interactions between macromolecules and ions: the
Hofmeister series.Curr Opin ChemBiol. (2006) 10:658–63. doi: 10.1016/j.cbpa.
2006.09.020

39. Hua M, Wu S, Ma Y, Zhao Y, Chen Z, Frenkel I, et al. Strong tough hydrogels
via the synergy of freeze-casting and salting out. Nature. (2021) 590:594–9.
doi: 10.1038/s41586-021-03212-z

40. Diani J, Fayolle B, Gilormini P. A review on the Mullins effect. Eur Polym J.
(2009) 45:601–12.

41. Fromageau J, Gennisson J, Schmitt C, Maurice RL, Mongrain R, Cloutier
G. Estimation of polyvinyl alcohol cryogel mechanical properties with four
ultrasound elastography methods and comparison with gold standard testings.
IEEE Trans Ultrason Ferroelectr Freq Control. (2007) 54:498–509. doi: 10.1109/
tuffc.2007.273

42. Drucker DC. A definition of stable inelastic material. ASME J Appl Mech.
(1959) 26:101–6. doi: 10.1115/1.4011929

43. Bergström J. Elasticity/hyperelasticity. In: Bergström J editor. Mechanics of
Solid Polymers. Norwich, NY: William Andrew Publishing (2015). p. 209–307.

44. Thomas-Seale LEJ, Klatt D, Pankaj P, Roberts N, Sack I, Hoskins PR.
Variation of magnetic resonance elastography shear wave behaviour through
atherosclerotic plaque with disease development. IAENG Int J Comput Sci.
(2011) 38:394–400.

45. Mortier P, Holzapfel GA, De Beule M, Van Loo D, Taeymans Y, Segers P,
et al. A novel simulation strategy for stent insertion and deployment in curved
coronary bifurcations: comparison of three drug-eluting stents. Ann Biomed
Eng. (2010) 38:88–99. doi: 10.1007/s10439-009-9836-5

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 June 2022 | Volume 9 | Article 883179

https://doi.org/10.3390/bioengineering7040160
https://doi.org/10.1097/00000658-200206000-00013
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.1111/apha.12725
https://doi.org/10.1111/apha.12725
https://doi.org/10.1152/ajpheart.00240.2011
https://doi.org/10.1016/j.jmbbm.2019.103544
https://doi.org/10.1242/jeb.202.23.3305
https://doi.org/10.1152/physrev.00041.2008
https://doi.org/10.1152/ajpheart.00226.2004
https://doi.org/10.1038/s41598-017-14276-1
https://doi.org/10.1152/ajpheart.00934.2004
https://doi.org/10.1152/ajpheart.00934.2004
https://doi.org/10.1016/j.msec.2018.12.067
https://doi.org/10.1177/08853282211001006
https://doi.org/10.1177/08853282211001006
https://doi.org/10.1016/j.biomaterials.2013.06.006
https://doi.org/10.1016/j.biomaterials.2013.06.006
https://doi.org/10.1016/j.msec.2020.110717
https://doi.org/10.1016/j.medengphy.2020.09.007
https://doi.org/10.1038/s41598-017-16668-9
https://doi.org/10.1039/c9tb02278c
https://doi.org/10.1557/s43580-021-00086-1
https://doi.org/10.1002/jbm.b.31310
https://doi.org/10.1002/jbm.a.32790
https://doi.org/10.1002/jbm.a.32790
https://doi.org/10.1038/s41598-018-25703-2
https://doi.org/10.1038/s41598-018-25703-2
https://doi.org/10.1016/j.jmbbm.2009.01.003
https://doi.org/10.1016/j.msec.2021.112383
https://doi.org/10.1016/j.msec.2021.112383
https://doi.org/10.1016/j.jbiomech.2008.01.027
https://doi.org/10.1016/j.jbiomech.2008.01.027
https://doi.org/10.1002/cnm.2557
https://doi.org/10.1002/cnm.2557
https://doi.org/10.1016/j.cbpa.2006.09.020
https://doi.org/10.1016/j.cbpa.2006.09.020
https://doi.org/10.1038/s41586-021-03212-z
https://doi.org/10.1109/tuffc.2007.273
https://doi.org/10.1109/tuffc.2007.273
https://doi.org/10.1115/1.4011929
https://doi.org/10.1007/s10439-009-9836-5
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-883179 June 27, 2022 Time: 15:1 # 16

Fegan et al. Transmural Biomechanics Coronary Artery Grafts

46. Pan YS, Xiong DS, Ma RY. A study on the friction properties of poly(vinyl
alcohol) hydrogel as articular cartilage against titanium alloy. Wear. (2007)
262:1021–5.

47. Yeoh OH. Phenomenological theory of rubber elasticity. In: Allen G,
Bevington JC editors. Comprehensive Polymer Science and Supplements.
Oxford: Pergamon Press (1989). p. 425–39. doi: 10.1088/1468-6996/9/2/
025008

48. Dobrin PB. Mechanical properties of arteries. Physiol Rev. (1978) 58:397–460.
49. Gasser TC, Ogden RW, Holzapfel GA. Hyperelastic modelling of arterial layers

with distributed collagen fibre orientations. J R Soc Interface. (2006) 3:15–35.
doi: 10.1098/rsif.2005.0073

50. Byrne O, Coulter F, Roche ET, O’Cearbhaill ED. In silico design of
additively manufacturable composite synthetic vascular conduits and grafts
with tunable compliance. Biomater Sci. (2021) 9:4343–55. doi: 10.1039/d0bm
02169e

51. Nazouri M, Seifzadeh A, Masaeli E. Characterization of
polyvinyl alcohol hydrogels as tissue-engineered cartilage
scaffolds using a coupled finite element-optimization algorithm.
J Biomech. (2020) 99:109525–32. doi: 10.1016/j.jbiomech.2019.
109525
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