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ABSTRACT

Purpose: The structural integrity and arterial mechanics are important aspects for tissue
regenerative vascular grafts with ingrowth permissible porous scaffolds. This paper presents a
computational study of structural designs for a small-diameter vascular graft comprising
porous polyurethane scaffold and knitted reinforcement mesh using Nitinol and polyurethane
wire, respectively.

Methods: Finite element models of the porous scaffold with the knitted mesh as embedded or
external reinforcement were generated using validated constitutive models for porous
polyurethane and Nitinol. Simulating a luminal pressure of up to 200 mmHg, deformations
and stresses were recorded in porous scaffold and knitted mesh.

Results: The models predicted compliance between 1.2 and 15.7 %/100mmHg for the
reinforced grafts and 65.1 and 106.4 %/100mmHg for the non-reinforced grafts. For the
reinforced grafts, maximum stress was 97.0, 28.2 and 0.055 MPa in Nitinol wire,
polyurethane wire and porous polyurethane scaffold, respectively, at 120mmHg. The
corresponding maximum strain was 0.27, 5.0 and 22.5%. Stress and strain remained safe in
the Nitinol mesh and the porous polyurethane but became critical in the polyurethane mesh
between 120 and 200 mmHg. Despite compression due to luminal pressure load, the porous
scaffold remained ingrowth permissible for cells, capillaries and arterioles up to 200 mmHg.
Conclusions: The outcomes of this study provided preliminary concepts for the structural
designs for a tissue regenerative composite vascular graft towards improved mechanical
performance and structural integrity. The implemented modelling approach can be used in the

further development and optimization of small-diameter tissue-regenerating vascular grafts.

Keywords: blood vessel; vascular prosthesis; tissue engineering; finite element method;

arterial mechanics



1. INTRODUCTION

Atherosclerosis and arteriosclerosis are two common arterial diseases referring to hardening,
narrowing and loss of elasticity in major arteries.*® If not treated, they can lead to ischemia or
infarction in the supplied organ.* A common treatment for these diseases involves
intervention either by using assistive devices to relieve and support the artery as in the
balloon angioplasty and endovascular stenting or by replacement or bypassing of the diseased
artery with a vascular graft. Arterial and venous grafts (bioprostheses) are preferred to
synthetic grafts; however, the long-term success of small and medium calibre bioprostheses is
challenged due to the frequently encountered thrombosis, occlusion and aneurism.® In
addition, other factors such as age, disease or prior usage limit the availability of

bioprosthetic grafts for patients requiring redo procedures.”

Synthetic grafts have been used as alternatives to bioprostheses. In small diameter synthetic
grafts, the long-term patency is limited due to the lack of endothelialisation, anastomotic
intimal hyperplasia and surface thrombogenicity.*® Tissue regeneration provides promising
avenue for the development of vascular grafts. This approach, whether aiming at composite
implants combining synthetic materials with living cells and tissue or at the complete
replacement of initially implanted materials by regenerated tissue, requires ingrowth
permitting (i.e. porous) scaffolds with structural properties tailored for implantation in the
arterial circulation and mimicking arterial mechanics. The complete healing of the porous
vascular graft implies interconnected pores to permit a transmural tissue ingrowth rather than

the initially applied trans-anastomotic ingrowth.**



Porous polymeric scaffolds typically suffer from a lack of structural stiffness depending on
the degree of porosity and tendency to dilate over time owing to the viscoelastic properties of
the polymer. Suitable reinforcement of the scaffold is required to improve the structural
integrity, in particular when a small wall thickness is desired to minimise the amount of

synthetic material to be implanted.

The reinforcement of synthetic vascular grafts has been used extensively for the endovascular

7,9,17,19

repair of abdominal aortic aneurysms whereas this concept is less common in the

27,28,32

smaller vasculature. These vascular prostheses comprise PTFE or woven polyester

grafts and Nitinol, stainless steel or Co—Cr alloy stents.”*’

The use of Nitinol meshes, braided from 0.05 mm thick wires, has recently been reported as
constrictive external reinforcement for saphenous vein grafts in pre-clinical studies,’”**
whereas knitted Nitinol mesh variations have been studied in vitro.>® While textile fabrics
were investigated by Yeoman et al.*” as external reinforcement for small-diameter tissue

regenerative polyurethane grafts with well defined interconnected porosity,* ¢ such knitted

meshes may lend themselves as alternative reinforcement structures.

This concept was explored in the current study of a multi-component small-diameter graft
promoting vascular tissue regeneration. The primary goal of the study was to investigate
structural designs of a porous polyurethane scaffold with knitted reinforcement mesh that
provide artery-like mechanics and long-term structural integrity. In order to potentially allow
for a complete replacement of the implanted graft with regenerated tissue, polyurethane was
considered as material for the knitted mesh in addition to the biostable Nitinol. While time

dependent changes in mechanical properties, found in degradable vascular prostheses, were



not considered, the effect of scaffold deformation on cellular and tissue ingrowth spaces was

an important aspect in the investigations.

2. MATERIALS AND METHODS

2.1 Geometries

The geometry of the knitted wire mesh was derived from a previous study.’® In the current
study, the inner diameter (ID) of the tubular knitted mesh was adjusted to 3.0 mm (Pro-
Engineering Wildfire® 2.0, Parametric Technology Corp., Needham, MA, USA) while
maintaining a wire thickness of 0.05 mm (see Fig. 1a). A single loop geometry, which formed
a 45° circumferential section, was extracted and imported into Abaqus CAE® 6.8-2 (Dassault
Systemes, Providence, RI, USA). The single loop geometry was used to create an assembly
of three loops arranged in longitudinally direction of the tubular mesh. Additional partial
loops were included at either longitudinal end of the loop assembly to assist with the
definition of boundary conditions. In Abaqus CAE®, the loop assembly was complemented
with a 45° section of a tubular porous polyurethane (PPU) scaffold with a wall thickness of
0.3 mm such that the loop section simulates an external (EX) or embedded (EM)
reinforcement of the PPU scaffold by the knitted mesh, see Fig. 1(b, ¢). In the EX assembly,
the outer diameter (OD) of the PPU scaffold matched the ID of the wire mesh. In the EM
assembly, the PPU scaffold was such that the wire mesh was situated radially in the centre
between scaffold ID and OD. The ID of the resulting composite graft was 2.40 and 2.84 mm
for the EX and EM assembly, respectively. The 45° tubular PPU sections with ID of 2.4 mm
(BG2.4) and 2.84 mm (BG2.8), respectively, and wall thickness of 0.3 mm were also used as
non-reinforced versions of the EX and EM composite grafts. The partial geometries were
assumed to be sufficient for the FE models due to the repetitive structure of the knitted mesh

and the axi-symmetry of the tubular PPU scaffold.



2.2 Materials and Constitutive Models

The PPU represented a scaffold structure with well-defined interconnected pores
manufactured by a phase inversion and porogen extraction technique’ using highly regular
spherical porogen of a nominal size range of 125-150 um. The ratio of pore size to porogen
size was 1.21 + 0.07 while the ratio of the size of the interconnecting windows to the pore
size was 0.52 £ 0.04.> Nitinol and solid polyurethane (PU), respectively, were utilised for the
knitted wire mesh.

Abaqus® intrinsic constitutive models were used for all materials. The PPU material was
described with a fourth-order isotropic hyperfoam model valid for large strains.'
Experimentally determined material parameters®” of the PPU used in this study are
summarised in Table 1. Nitinol was represented with Abaqus® shape memory alloy user
material with experimentally obtained material parameters®’ as shown in Table 2. For the
solid PU, an isotropic linear elastic model was used with an elastic modulus and material

density of 570 MPa and 1025 kg/m’,* respectively, and Poisson’s ratio of 0.3.2% !

2.3 Finite Element Models
Six FE models were developed from the geometries described above to compare a) PPU
grafts without reinforcement, with external wire mesh reinforcement and with embedded wire

mesh reinforcement and b) grafts reinforced with Nitinol wire mesh and with PU wire mesh:

o Composite grafts with external Nitinol mesh reinforcement (NIEX) and PU mesh
reinforcement (PUEX), respectively, and the associated non-reinforced graft (BG2.4);
o Composite grafts with embedded Nitinol mesh reinforcement (NIEM) and PU mesh

reinforcement (PUEM), respectively, and the associated non-reinforced graft (BG2.8).



The wire loops and PPU scaffold were meshed using 8-node linear brick elements. The mesh
density was set to ten elements along the wire cross-sectional circumference and six elements
in thickness direction of the PPU scaffold, resulting in a total of 20,055 and 28,579 elements
for EX and EM assemblies, respectively.

The contact between the PPU section and the wire mesh (for EX models only) and between
the individual wire loops (for EX and EM models) was defined as surface-to-surface contact
with finite sliding and exponential pressure-overclosure relationship. Master-slave contact
pairs were defined between surfaces of individual single loop parts in a sequential order
starting from the back partial loop towards the front partial loop, in such a way that loop n
acted as a master to loop n+1. Additionally, the entire surface of each wire mesh loop was set
as slave surface to the abluminal surface of the PPU section which as acted as master surface.
The pressure-clearance values were initially set to (0.5 MPa, 0 mm / 0 MPa, 0.005 mm) and
adjusted when required to achieve of numerical stability. In the embedded reinforcement
models (EX), contact between the wire mesh and the PPU section was governed by the
embedded region constraint' that was utilized to generate the FE mesh of the wire loops
embedded in the PPU section. A frictional tangential behaviour was incorporated in the
models based on static-kinetic friction exponential decays. The static friction coefficient for
Nitinol-Nitinol contact pairs was set to 0.3'® whereas the kinetic friction coefficient was
assumed to be 0.25. The static friction coefficient for the PPU-PU and PU-PU contact pairs
was set to 0.5° assuming a kinetic friction coefficient of 0.45. For the PPU-Nitinol contact
pairs, a static friction coefficient of 0.2 was used based on the reported polyurethane-metal

22,25

friction, with an assumed kinetic friction coefficient of 0.18. The decay coefficient was

set to 1x107 for all contact pairs.

The quasi-static analysis was carried out in two steps: 1) Establishment of contact between



the parts, and 2) application of load, a pressure uniformly distributed over the luminal surface
of the PPU section. The pressure was increased linearly over entire period of the second step
from 0 to 200 mmHg to extend over the physiological blood pressure range. Automatic time
incrementation was used to control the time increments in each step. The time period was set
to 1.0 with an initial time increment of 0.1. The size of the time increment was automatically
adjusted between minimum and maximum values of 1x10"% and 0.025, respectively, to

achieve solution convergence.

Based on the circumferentially and longitudinally repetitive pattern of the knitted wire mesh
and the axisymmetric geometry of the tubular PPU section, axisymmetric boundary
conditions were applied to simulate the physical situation and to compensate for the
modelling of partial geometries. With the axisymmetric boundary condition, the model
surfaces (labelled with “C” in Fig. 1 b and c¢) on symmetry planes were restrained from
rotation around z- and r-axis and circumferential displacement along the 6-axis, and were
allowed to translate along the r- and z-axis and rotate around the 0-axis. With a second set of
boundary conditions, all longitudinal cross-sectional surfaces of the models (labelled with
“A” in Fig. 1 b and c) were restrained from translation in z-axis and rotation around the r- and
0-axis, while they were allowed to translate along the r- and 8-axis and rotate the z-axis. The
omission of the movement of longitudinal cross-sections (“A”) in longitudinal direction (z-
axis) was adopted from a previous study’’ of knitted wire mesh and was required due to the
disassociation of the mesh loops in the external reinforcement models.

The numerical stability and consistency of the models were verified with regard to element
type, mesh density, boundary conditions, contact and friction definitions by varying the

respective parameters and assessing the effect on the output parameters.



2.4 Data analysis

The maximum principal stress, maximum principal strain and displacement were recorded
automatically as Abaqus® output variables. The pressure-diameter relationship and the radial
compliance were determined from the pressure applied as load on the luminal surface of the
PPU section and the associated radial displacement of that surface captured during the
analysis. The pressure-diameter relationship was expressed graphically as curve of pressure
versus diameter increase, AD(P), with

D(P)—D,

0

AD(P) = ¢))

where D(P) is the diameter at pressure P and Dy is the diameter at P = 0 mmHg.
The radial compliance was calculated from using diastolic and systolic pressure and the
associated diameter values,

c= DD Q)
(P, = R)Dy

where P; and P, represent diastolic and systolic blood pressures, and D; and D, represent the
ID of the graft at diastolic and systolic pressure, respectively.
The wall compression was determined by capturing the radial displacement at all

corresponding nodes on the luminal and abluminal surfaces of the PPU section.

2.5 Validation

Numerical results were validated using experimental and numerical compliance data from
previous studies obtained for the PPU scaffold® and the Nitinol wire meshes™ due to
unavailability of graft prototypes comprising the external and embedded reinforcement
assemblies. For comparison purposes, additional non-reinforced scaffold model (BG4.0) with
ID of 4.0 mm and wall thickness of 7.0 mm was developed utilizing the same procedure and

conditions applied for the development of BG2.4 and BG2.8 models.



3. RESULTS

Figure 2 illustrates for all models the pressure-diameter relationship expressed as luminal
pressure versus the relative increase in ID of the PPU scaffold. The independent parameter,
pressure, was plotted on the vertical axis in line with the convention for pressure-diameter
graphs in the medical field. The pressure-diameter change curves of the graft models with
external reinforcement displayed a slight increase in the slope at 120 mmHg, see Fig. 2(a).
This indicated radial non-linear stiffening although the predicted effect was weak. The
Nitinol mesh reinforced model (NIEX) experienced smaller dilation than the graft with PU
mesh reinforcement (PUEX). The non-reinforced PPU model (BG2.4) exhibited a
considerably increased dilation compared to the reinforced models and terminated
prematurely at a pressure of 170 mmHg. The NIEM and PUEM models of embedded
reinforcement exhibited a linear pressure-diameter relationship (Fig. 2b). Similar to the
externally reinforced models, the graft with embedded Nitinol mesh displayed the least
dilation followed by the PU mesh reinforced model, and the non-reinforced PPU model

exhibiting excessive dilation and termination at 150 mmHg.

The maximum principal stress and strain are summarized in Table 3 for the different models
at pressures of 80, 120 and 200 mmHg, distinguishing between the reinforcement mesh and
the PPU scaffold. Stress and strain in the wire mesh were larger in the externally reinforced
models compared to their counterparts with embedded reinforcement. The same applied for
the PPU scaffold with Nitinol mesh, i.e. larger stress and strain were predicted with external
reinforcement compared to embedded reinforcement. However, the opposite was observed

for the models with PU wire reinforcement; stress and strain levels in the PPU structure were

10



lower with external mesh compared to embedded mesh. In the non-reinforced PPU models,
stress and strain were between twofold to eightfold higher than the values predicted in the

associated reinforced models.

Figures 3 and 4 illustrate the distribution of the maximum principal stress in the deformed
models of external and embedded reinforcement, respectively, at 120 mmHg. Due to the large
difference in stress values in the wire mesh and the PPU structure, the components were
displayed separately providing each structure with its own contour legend. In the NIEX and
PUEX models (Fig. 3), stress concentrations were predicted in the heads and intersections of
wire loops and on the abluminal surface of the PPU scaffold. The embedded reinforcement
models NIEM and PUEM (Fig. 4) coincided with the external reinforcement models with
regard to the locations of stress concentration in the wire mesh. However, the stress
concentrations in PPU scaffold were predicted in internal elements of the PPU scaffold, but
not on the abluminal surface as observed with external mesh. The distribution of the
maximum principal strain and locations of strain concentrations in the PPU scaffold and wire

mesh, illustrated in Figs. 5 and 6, closely matched that of the maximum principal stress.

The wall compression of the PPU scaffold predicted at 80, 120 and 200 mmHg is illustrated
in Fig. 7. Compared to the non-reinforced models, the wall compression was substantially
increased in the external reinforcement models and slightly reduced in the embedded
reinforcement models. Within each reinforcement system, both the Nitinol-reinforced and

PU-reinforced grafts showed nearly equal levels of wall compression.

The radial compliance between 80 and 120 mmHg as the diastolic-systolic pressure range,

was predicted to be 7.0, 15.7 and 65.1 %/100mmHg for the models with external Nitinol
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mesh, PU mesh and associated non-reinforced scaffold model, and 1.2, 6.4 and 106.4
%/100 mmHg for the grafts with embedded Nitinol mesh and PU mesh as well as the

associated non-reinforced scaffold model.

4. DISCUSSION

In this study, potential designs for tissue regenerative vascular composite grafts, comprising a
PPU scaffold and reinforcement structure, were investigated using the finite element method.
Graft models were developed for external and embedded reinforcement of a PPU scaffold
with a knitted mesh of Nitinol and PU wire, respectively, as well as for non-reinforced PPU
scaffolds. Physiological loading was simulated in numerical analyses using linearly
increasing luminal pressure between 0 and 200 mmHg. The incorporation of the knitted
reinforcement mesh considerably improved the mechanical behaviour and structural integrity
of the tissue regenerative grafts compared to the non-reinforced porous polyurethane scaffold.
The most notable effect of the reinforcement was the prevention of the excessive dilation

observed in the non-reinforced porous polyurethane scaffolds.

The incorporation of an external reinforcement reduced the radial compliance of the graft by
89% and 76% for the Nitinol mesh and PU mesh, respectively, compared to the non-
reinforced PPU scaffold. A slightly larger reduction of the radial compliance of 99% and
94% was observed for graft reinforcement with the embedded Nitinol mesh and PU mesh,
respectively. In particular the compliance values obtained with the external mesh compared
well with arterial compliance of 8.0 + 5.9 %/100mmHg.*’ In spite of the larger diameter of
the embedded reinforcement models, the lower compliance values indicated that an

embedding of the reinforcing structure in the PPU scaffold increased the radial stiffness of
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the graft more than the external application of the mesh support.

The termination of model BG2.4 and BG2.8 when approaching 170 mmHg and 150 mmHg,
respectively, was attributed to the numerical instability associated with the excessive dilation
experienced by the models indicating structural failure. Generally, the predicted mechanical
behaviour of model BG2.4 and BG2.8 revealed high distensibility and structural weakness.
Their compliance excessively exceeded the required physiological arterial range of

8.0 + 5.9 %/100mmHg*’ emphasizing the need for mechanical enhancement.

For both reinforcement types, the Nitinol mesh provided less compliant grafts than the PU
mesh. This was expected from the 68-fold difference in the elastic modulus between Nitinol
(38,991 MPa) and solid PU (570 MPa). The non-linear stiffening of the external
reinforcement models was ascribed to the tightening of the wire loops increasing the
structural stiffness of the mesh at higher pressures. This indicated that external reinforcement
may provide more arterial like mechanics'> compared to the embedded mesh that resulted in a
linear pressure-diameter curve. A similar non-linear deformation was exhibited by a small-
diameter PU vascular graft when reinforced with weft-knitted tubular fabric*’. However, the
differences between embedded and external support were not overly pronounced and did not
take into account that an external reinforcement mesh may be attached to the PPU structure
by means of an adhesive, e.g. PU layer or fibrin glue. This will affect the mechanics of the
mesh towards that of the embedded case since the movement of mesh wire loops will be
restrained. Adhesive connection between external mesh support and graft structure is also

expected to affect, reduce, the radial graft compliance.

When exposed to a luminal pressure of up to 200 mmHg, assumed as a physiological
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maximum, the maximum stress and strain predicted in the PPU scaffold indicated recoverable
elastic deformation in the reinforced models. In the Nitinol mesh, both the maximum stress
and strain remained uncritical. The stress of 157.9 MPa reached merely 33% of the value
associated with the start of austenite-martensite phase transformation, 483 MPa.** The
maximum strain of 0.43% did not exceed 25% of the recoverable strain of Nitinol of 2%
reported for high-cycle loadings.'® The stress and strain values predicted in the PU wire
meshes were compared to tensile properties of PU materials with elastic modulus of 534.4 +
37.1 MPa'* similar to that used in this study (570 MPa). The ultimate tensile stress of 31.7 +
0.6 MPa reported by Grapski and Cooper'* indicated the likelihood of onset of plastic
deformation in the PU wire between 120 and 200 mmHg for both the embedded (PUEM) and
the external mesh (PUEX). The maximum strain values predicted in the PUEM and PUEX
wire meshes reached merely 2% of the elongation at break of 355.3 + 18.4 %."* Apart from
plastic deformation of the graft components, debonding of mesh wire and porous
polyurethane may constitute another failure mode in the composite grafts with embedded
reinforcement mesh. The consideration of this failure mode was, however, beyond the scope
of this study. The embedded region constraint used to represent the embedded mesh in the
PPU structure in Abaqus does not provide capabilities to incorporate debonding phenomena

in the analysis. As such, a different modelling approach would be needed.

The validation of the PPU scaffold models utilized experimental and numerical data obtained
by Yeoman et al.*” for a non-reinforced PPU graft prototype (ID: 4.0 mm, wall thickness: 7.0
mm). The radial compliance was experimentally measured and numerically predicted to be
16.4 £ 4.6 and 33.9 %/100mmHg, respectively. These values exceeded the compliance
predicted for the non-reinforced models in this study (i.e. BG2.4 and BG2.8). The larger wall

thickness of the PPU prototype used by Yeoman et al., compared to the non-reinforced
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models, was the main factor for the lower compliance in spite of the larger luminal diameter

10, 21 .
*“* This was

which led to a larger circumferential wall tension at the same luminal pressure.
confirmed by the decreased compliance predicted for the BG4.0 model (31.17 %/100mmHg)
which exhibited identical luminal diameter and wall thickness as the physical prototype. The
compliance predicted by model BG4.0 correlated with the numerical compliance of the PPU
prototype obtained by Yeoman et al; however, both numerical values exceeded the
experimentally determined compliance. Yeoman et al.* attributed this overestimation to the
potential difference in material/structural properties associated with the preparation of the
prototype and the mechanical characterization of the samples used in the development of the
material model.

The Nitinol-reinforced models (i.e. NIEX and NIEM) were validated using experimental and
numerical compliance data of a Nitinol mesh prototype (ID: 3.35 mm, wire thickness: 0.05
mm). Circumferential tensile tests and volumetric displacement tests indicated a compliance
of 5.12+0.8 and 4.55+0.6 %/100mmHg, respectively (unpublished data) whereas the values
predicted with an FE model was 2.5 %/100mmHg.*® Considering that the knitted mesh rested
on the abluminal surface of the PPU scaffold in the externally reinforced models, the change
in the outer diameter of the PPU scaffold correlated with the change in the inner diameter of
the knitted mesh. While the compliance of the models in this study was generally based on
the change in inner diameter of the PPU scaffold, the apparent compliance of the knitted
mesh may be represented by the change in outer diameter of the PPU scaffold. For the NIEX
model featuring the Nitinol mesh, the latter yielded a value of 4.08 %/100mmHg. Due to
pressure attenuation through the porous scaffold wall, the transmural pressure that acted on
the scaffold-mesh interface was in fact less than the luminal pressure in the PPU scaffold.
Hence, the numerical compliance of the Nitinol mesh was somewhat underestimated.

Considering in addition the smaller diameter of the knitted mesh in this study (3.0 mm) that
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resulted in lower circumferential wall tension compared to the Nitinol mesh of the previous
studies (3.35 mm), the data predicted by models in this study showed a reasonable agreement

with the experimental data.

The use of a linear elastic constitutive model for the solid polyurethane was assumed
satisfactory for this exploratory study. A linear elastic constitutive model has been used for
solid PU in an investigation involving the deployment of a balloon-expandable stent® when

representing a cylindrical PU balloon applying material data of PU ureteral stents."

One crucial aspect in tissue regenerative scaffolds is the dimension of ingrowth spaces. Care
has to be taken during the design process to ensure that ingrowth spaces remain sufficiently
large under physiological loading so as not to inhibit cellular and tissue ingrowth.>
Compression of the PPU scaffold due to luminal pressure loading is the principal parameter
affecting pore size and ingrowth spaces. Compared to the non-reinforced models, the
maximum wall compression observed at 120 mmHg was increased by 211% and 201% when
using the Nitinol and PU mesh, respectively, as external reinforcement whereas it was
reduced by 44% and 39% with an embedded Nitinol and PU mesh, respectively. In the non-
reinforced PPU model, wall compression was primarily governed by transverse contraction of
the wall associated with radial dilation and circumferential stretch whereas compression due
to the luminal pressure was secondary.®® The external reinforcement limited the radial
dilation, circumferential stretch and associated transverse contraction of the wall. As such,
thinning of the wall due to the luminal pressure was the predominant cause of wall
compression in this case, having a larger effect than the predominant mechanisms of wall
deformation in the non-reinforced models. The embedded reinforcement mesh appeared to

combine effects beneficial for limiting the wall compression, namely reduced dilation and
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transverse wall contraction with shielding the PPU layer situated ablumenally to the
reinforcement from compression due to the luminal pressure.

The average diameter of capillaries ranges from 8 to 10 um and the diameter of a functional
arteriole (including endothelium and smooth muscle) is approximately 30 pm."" '2 The PPU
scaffold used in this study featured a minimum pore window diameter of approximately

65 um.”” Recalling that the maximum wall compression predicted among the different
reinforced models was 37.24% (model NIEX at 200 mmHg), the minimum pore window
diameter would be reduced to 41 um. This suggested that the tissue-regenerating
characteristic of all grafts was not affected since the scaffold retained permissibility for

cellular and tissue ingrowth.

The developed models helped exploring the structural design and mechanical behaviour of
the composite vascular graft. The outcomes of this study provided preliminary concepts for
the structural optimisation towards improved mechanical performance and structural integrity
of such devices. The implemented modelling approach can be used in the further

development and optimization of small-diameter tissue-regenerating vascular grafts.
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APPENDIX
Figures with essential colour discrimination: Figs. 3 to 6, in this article are difficult to

interpret in black and white. The full colour images can be found in the on-line version.
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TABLES

Table 1. PPU material parameters> used in the hyperfoam material model.

Description Unit Value
v - 0.035

U MPa 0.19262
U2 MPa -0.03373
3 MPa -0.08682
Ua MPa 0.02566
ai - 1.2571
o - 1.2655
03 - -2.6509
04 - -4.6589
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Table 2. Nitinol material parameters®® used in the shape memory alloy user material.

Parameter Unit Value
Austenite Young’s Modulus MPa 38992
Austenite Poisson’s Ratio - 0.46
Martensite Young’s Modulus MPa 21910
Martensite Poisson’s Ratio - 0.46
Transformation Strain - 0.042
Loading Temperature Derivative of Stress MPa/°C 0
Loading Start of Transformation Stress MPa 483
Loading End of Transformation Stress MPa 610
Reference Temperature MPa 37
Unloading Temperature Derivative of Stress MPa/°C 0
Unloading Start of Transformation Stress MPa 388
Unloading End of Transformation Stress MPa 256
Loading Start of Transformation Stress (Compression) MPa 610
Volumetric Transformation Strain - 0.04
Number of Annealings to be Performed During Analysis - 0
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Table 3. Maximum principal stress ¢ (in MPa) and strain € (in %) in the PPU scaffold and the
reinforcement mesh at 80, 120 and 200 mmHg. For non-reinforced models, the mesh was not

applicable.

80 mmHg 120 mmHg 200 mmHg
PPU Mesh PPU Mesh PPU Mesh

c & c & c € c € c € (o) &

NIEX  0.020 8.94 73.68  0.20 0.031 1277  97.0 0.27 0.046 17.25 15790 043
PUEX 0.036 1543 18.76 3.44 0.054 21.41 2818 5.01 0.063* 24.32" 33.61* 5.96"
BG24 0.066 27.53 - - 0.132  50.28 - - 254 192.7° - -
NIEM 0.012 5.72 57.59  0.09 0.019 746 86.72 0.14 0.034 13.83 145.60 0.24
PUEM 0.37 1625 1816 2.99 0.055 2254 26.64 4.42 0.095 3275 45.14  7.15
BG2.8 0.081 3341 - - 0.186 6847 - - 2.49°  1924° - -

* predicted at 143 mmHg; " predicted at 170 mmHg; € predicted at 150 mmHg
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FIGURES

Figure 1. Computational 3D geometry of the knitted wire mesh (a). A partially geometry of
the knitted mesh created from single loop geometry was combined with a 45° circumferential
section of the tubular PPU scaffold to obtain an externally reinforced graft (b) and a graft
with embedded reinforcement (c). Labels A and C indicate surfaces that obtained axial and

circumferential boundary conditions, respectively.
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Figure 2. Graphs illustrating the relationship of pressure and diameter increase for different
graft models. The increase in ID was normalized to the initial ID at zero pressure. a)
Externally reinforced grafts (Nitinol mesh: NIEX, PU mesh: PUEX; *termination at
143 mmHg) and associated non-reinforced scaffold (BG2.4, **termination at 170 mmHg).
The dashed straight lines were added to enhance the illustration of increase in slope of the
NIEX and PUEX curves. b) Grafts with embedded reinforcement (Nitinol mesh: NIEM, PU
mesh: PUEM) and the associated non-reinforced scaffold (BG2.8, ***termination at 150

mmHg).
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Figure 3. Contour plots of the distribution of the maximum principal stress (values in MPa) at
120 mmHg in the deformed PPU scaffold and the wire mesh of the externally reinforced
model for a) Nitinol wire mesh (NIEX) and b) PU wire mesh (PUEX). The wire mesh was
detached from the PPU scaffolds and assigned separate legends for display purposes. In each
model, stress concentrations were predicted on the abluminal surface of the PPU scaffold and

in the heads and at intersections of wire loops.
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Figure 4. Contour plots of the distribution of the maximum principal stress (values in MPa) at
120 mmHg in the deformed PPU scaffold and the wire mesh of model with embedded
reinforcement with a) Nitinol wire mesh (NIEM) and b) PU wire mesh (PUEM). The wire
meshes were detached from the PPU scaffolds and assigned separate legends for display
purposes. In each model, stress concentrations were predicted in the internal elements of the
PPU scaffold and in the heads and crossovers of wire loops. For the PPU scaffold, abluminal
layers of elements were eliminated from the display to reveal the locations of stress

concentration.
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Figure 5. Contour plots of the distribution of the maximum principal strain (values in %) at
120 mmHg in the deformed PPU scaffold and the wire mesh of the externally reinforced
model for a) Nitinol wire mesh (NIEX) and b) PU wire mesh (PUEX). The wire mesh was
detached from the PPU scaffold and assigned separate legends for display purposes. In each
model, strain concentrations were predicted on the abluminal surface of the PPU scaffold and

in the heads and at intersections of wire loops.
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Figure 6. Contour plots of the distribution of the maximum principal strain (values in %) at
120 mmHg in the deformed PPU scaffold and the wire mesh of model with embedded
reinforcement with a) Nitinol wire mesh (NIEM) and b) PU wire mesh (PUEM). The wire
mesh was detached from the PPU scaffold and assigned separate legends for display
purposes. In each model, strain concentrations were predicted in the internal elements of the
PPU scaffold and in the heads and crossovers of wire loops. For the PPU scaffold, abluminal
layers of elements were eliminated from the display to reveal the locations of strain

concentration.
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Figure 7. Wall compression predicted by the six models at 80, 120 and 200 mmHg. (*: The
PUEX, BG2.4 and BG2.8 models terminated at 143, 170 and 150 mmHg, respectively). A
considerable increase in wall compression was observed for models with external
reinforcement (NIEX and PUEX) compared to the associated non-reinforced model (BG2.4).
The models with embedded reinforcement (NIEM and PUEM), exhibited lower wall

compression compared to the non-reinforced model (BG2.8).
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