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ABSTRACT

Congenital heart disease (CHD) affects almost 1% of newborns. Right ventricular outflow tract (RVOT) CHD
affects 20% of newborns and includes anomalies such as tetralogy of Fallot (TOF) with or without pulmonary
atresia, transposition of the great vessels, and truncus arteriosus. All these anomalies require RVOT
reconstruction. Prosthetic heart valves are needed to improve the quality of life of patients suffering from CHD.
One such prosthetic device is the pulmonary valved Conduit developed by Xeltis™. This study aimed to
investigate the difference in the mechanical response of the Xeltis™ pulmonary valved Conduit sizes 16, 18, and
20 (XPV16, XPV18, and XPV20) using mechanical experiments and a predictive finite element model.

Experiments of two load cases, Leaflet opening behavior (LC1) and parallel compression (LC2) have been done
where measurements were taken for input parameters used for uncertainty quantification (UQ) in the FE model.
Furthermore, the reaction force and displacement were measured to calculate the force values and stiffness
values of the device during each experiment. The experiments were replicated with a developed FE model. From
the results of the FE model, a metamodel (MM) was developed and a Monte Carlo simulation was performed to
retrieve a distribution of the force values and stiffness values obtained in the simulation. Furthermore, UQ was
performed and the sensitivity of the input parameters on the force values and stiffness values were quantified.
Finally, with an area metric the accuracy of computational finite element (FE) models in simulating the
mechanical response observed in the experiments of the Xeltis™ pulmonary valved Conduit size 16, 18, and 20
mm was quantified.

For the Leaflet opening behavior, the reaction force increases when the device size increases while the stiffness
doesn’t change with device size. As for the accuracy of the predictive FE model, the predictive FE model can
simulate the mechanical response of the stiffness with an accuracy of at least 70.7% for the reaction force and at
least 50.3% for the stiffness.

For the parallel plate compression, the reaction force and the stiffness increase when the XPV size decreases from
size 18 to size 16. Furthermore, the difference between the XPV18 and the XPV20 is smaller for both the reaction
force and the stiffness. As for the accuracy of the predictive FE model, the predictive FE model can simulate the
mechanical response of the stiffness with an accuracy of at least 37.3% for the reaction force and at least 38.1%
for the stiffness.

As for the important variables influencing the mechanical response, the reaction force and the stiffness are
influenced mostly by the fiber stiffness of the component that is subjected to the load. Furthermore, the reaction
force and stiffness are also influenced by the direction of the fibers. If the fibers are in the same direction as the
load, the reaction force and stiffness increase. Although specifically for the Leaflet the amount of material has
more influence on the reaction force and stiffness for larger XPV sizes with the Leaflet opening behavior load
case. This indicates that for larger XPV sizes the material properties of the Leaflet have a smaller influence and
the Leaflet geometry has a higher influence on the stiffness of the Leaflet opening.

Improvements are possible for a better agreement between the simulation and the experiment. These include
performing more experiments with different samples from different production batches, and better estimation
of input parameters with a high sensitivity to the output parameters.

This study provides a step in the direction of predictive computational device modeling that will help shorten the
development time of new pulmonary heart valve devices. As the devices in this study are designed for pediatrics,
this will help improve the quality of life of pediatrics suffering from congenital heart disease.
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1 INTRODUCTION

1.1 BACKGROUND

Congenital heart disease (CHD) affects almost 1% of newborns. Right ventricular outflow tract (RVOT) CHD
affects 20% of newborns and includes anomalies such as tetralogy of Fallot (TOF) with or without pulmonary
atresia, transposition of the great vessels, and truncus arteriosus. All these anomalies require RVOT
reconstruction. Furthermore, RVOT reconstruction must be performed after the Ross operation to treat
congenital aortic heart valve disease. RVOT reconstruction includes prosthetic valve replacement (1).

There are multiple types of heart valves available. Heart valves can be mechanical where the Leaflets are of a
rigid material, such as pyrolytic carbon. Mechanical heart valves provide excellent hemodynamics but have a risk
of thromboembolism. Thus, mechanical prosthetic heart valve patients require anticoagulation therapy (3).
Figure 1-1 shows multiple mechanical heart valves used for pulmonary heart valve replacement.

Bioprosthetic valves provide a different option where the valves are made of biological tissue and closely
resemble the geometry of the native heart valve. These valves are more biocompatible and are less thrombogenic.
A significant disadvantage of these valves is the risk of valve degeneration and the potential need for reoperation,
but the possibility of a transcatheter delivery procedure of the prosthetic valve reduces this clinical limitation
(3). Figure 1-1 shows multiple bioprosthetic heart valves used for pulmonary valve replacement.

More development has been done on developing polymeric tissue heart valves, such as ePTFE valves. These heart
valves are showing promising results for pediatric patients (4). Another polymeric tissue heart valve showing
promising results is the pulmonary valved Conduit developed by Xeltis™. The device is designed to treat children
from age 2 up to adolescents aged 21 with a congenital heart defect of the right ventricle outflow tract. The XPV
device is implanted via open chest surgery. Early outcomes of two clinical trials show promising results (5).

Stented Bovine Pericardial Valves

i

The Xeltis™ Pulmonary Valved Conduit (XPV) is made of a porous
bioabsorbable polymer material undergoing endogenous tissue i i N
restoration (ETR) when implanted in the patient. The material uses e - __ ’
the RestorX™ polymer platform where the polymer is built with s vagnaase  Egwards mseinis resiia Sorin MitroFlow
supramolecular 2-ureido-4[1H]-pyrimidone (UPy) (5).

Stented Porcine Valves

It is manufactured via electrospinning. Electrospinning fibers are \ A ‘\
spun around a cylinder forming the component. First, the three X ».

Leaflets are manufactured individually and are made of poly- ——

carbonate-based UPy (XP-034), which provides flexibility for Leaflet AobartEple Hancackll Meduronic Mosale
motion. Afterward, the three leaflets are put in a mold and a poly- Siimifossifonia e Erpunidabilealins
caprolactone-based UPy (XP-005) material is electro-spun on top,
creating the Conduit. In this way, the Conduit and Leaflets are merged, 0
forming the pulmonary valved Conduit assembly (5). ‘_’ N ‘})i\

Medtronic Melody

The electrospinning process results in a porous material that Megtionic Fresstyle
functions as a scaffold for cell growth, enabling ETR. The patient’s
tissue invades the implant and, while the implant dissolves into the
body, the patient’s tissue grows into the porous structure of the *@'
device (5)(6). This process is schematically shown, together with the @ - e

device, the microstructure, and the electrospinning process in Figure

Mechanical Valves

Abbott SJM Regent Abbott SIM Masters Cryalife On-X

1-2. Figure 1-1: Commonly used bioprosthetic
and mechanical prosthetic heart valves
used (4).
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Prosthetic heart valves are needed to improve the quality of life of patients suffering from CHD. For such a device
to become available, it must first undergo rigorous testing. The device development, from brainstorming to
clinical testing, continues to be refined. One such refinement is the use of computational models for the
development of a new device. Computational device modeling can be used to reduce, refine, and replace animal
experiments. It should be validated to retrieve reliable information through a computational model (7).

1.2 PROBLEM DEFINITION

Multiple studies have developed a computational model to simulate the mechanics of an aortic prosthetic heart
valve and applied different validation strategies to assess the accuracy of the developed computational model
(8)(9)(10)(11)-(12)(13). However, the development of a computational model to simulate the mechanics of a
pulmonary prosthetic heart valve has not yet been done.

It is estimated that a validated computational model of the XPV is a useful tool to test the safety and performance
of the device, allowing for the testing of new designs and shortening its development time. A validated
computational model of the XPV predicts the mechanics of the device with sufficient accuracy so reliable data is
created. Such a computational model does not yet exist.

1.3 STUDY GOAL AND RESEARCH QUESTIONS

This paper highlights the development and validation of a computational model of the XPV device. Here the
following research question will be answered: What is the difference in the mechanical response of the
Xeltis™ pulmonary heart valve conduit size 16, 18, and 20 mm based on mechanical experiments and a
predictive finite element model?

This research question will be answered by answering the following sub-questions.

e How do the mechanical responses of the Xeltis™ pulmonary heart valve conduit sizes 16, 18, and 20
mm differ under two ISO 5840-1 specified mechanical loading conditions?

o To what extent can finite element analysis capture the mechanical responses of Xeltis™ pulmonary
heart valve conduits of varying sizes (16, 18,20 mm)?

e What variables most significantly influence the reaction force and stiffness of the Xeltis™ pulmonary
heart valve conduit sizes 16, 18, and 20 mm according to finite element models?

e How accurately can a predictive finite element model simulate the mechanical responses observed in
experimental tests on Xeltis™ pulmonary heart valve conduits of varying sizes (16, 18, 20 mm)?

These questions were investigated by performing mechanical experiments with samples from the three different
sizes. Furthermore, three computational models were developed of the three XPV sizes.

1.4 THESIS LAYoUT

First, the experimental setup will be described together with the method of data extraction from the experiments.
Second, the computational model will be described whereas first the geometry used in the computational model
will be described. After the geometry, the material model and material definitions including anisotropy used in
the computational model will be described. After the material, the model definitions for the solver, boundary
conditions, constraints, and contact will be described. After this, the finite element (FE) simulation workflow is
summarized, leading to the desired computational output. Afterward, the processing of the computational data
is described. This concludes the description of the computational model and the material and methods sections.
The results will be highlighted and discussed in the next section. Here the current state of the art will also be
discussed. The findings of the research questions will be discussed here as well. Finally, a conclusion will be given,
and the most important findings will be summarized.
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& = TS

Syringe with
polymer
solution

High voltage power supply
Figure 1-2: ETR process in the XPV at the start (a, d), during ETR (b, e), and after ETR (c,f). Microscopically shown (a-c) and

macroscopically shown (d-f). XPV device picture (g) and high magnification Scanning Electron Microscopy inset showing the
microstructure, together with the electrospinning process (h) (adapted from (6)).
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2 MATERIALS AND METHODS

2.1 EXPERIMENTAL SETUP

To quantify the mechanical behavior of the XPV, two load cases were defined. ISO 5840-1 ‘Cardiovascular
implants - Cardiac valve prostheses - General requirements’ (14) provides guidelines for load cases that can be
used for design validation. Using load cases from ISO 5840-1 ensures that the load cases considered in this study
are realistic. From this, the differential pressures across the valve and transverse compression load cases were
considered.

2.1.1 LC1, LEAFLET OPENING BEHAVIOR

Taking guidance from the differential pressures across the valve load case from the ISO 5840-1 ‘Cardiovascular
implants - Cardiac valve prostheses — General requirements’ (14), the pressures across the valve are important
to validate the opening and closing mechanics of the Leaflets. Because fluid dynamics were not considered, it was
decided to replicate the opening and closing behavior of the valve with a cylindrical rod called the Pushrod. The
name of this load case is Leaflet opening behavior (LC1).

The Pushrod was pushed through the valve, opening the valve. Afterward, the Pushrod was retracted, which
closed the valve. The load case is shown in Figure 2-1. For each device size, a different Pushrod diameter was
used to ensure maximum valve opening. Pushrod diameters of 10-, 11- and 12 mm were used for XPV16, XPV18,
and XPV20, respectively.

The tests have been done on a Lloyd Instruments LR 5K test machine. With a 5N load cell which has been
calibrated by an outside party called Ametek Inc. Based  Taple 2-1: Load cell measured values in comparison to

on this calibration the load cell exceeds the requirements the true values on multiple load levels.

of BSENISO 7500-1:2015 Class 0.5 and Class 1, ASTM E4 ~ Loadlevel  TrueValue — Measured Value  Error

0, N N 0,

and DIN 51221. Thus, the calibration of the load cell is %Or)o g ) 8.0)000 8/8)00
done successfully. The errors of the load cell for different 209, 1 1.0001 0.010
load levels are shown in Table 2-1. 100% 5 5.0059 0.118

conduit =

xafets
P
d2 d1

Figure 2-1: LC1, Leaflet opening behavior. d1 is the inner Conduit diameter and d2 is the Pushrod diameter. d1 = 16, 18,20 mm
and d2 =10, 11, 12 mm respectively.

11
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The total displacement and the displacement speed were prescribed as inputs. The output of the experimental
data consisted of numerical data of the reaction force, displacement, and time. The experiments consisted of ten
cycles, where one cycle is pushing and pulling (opening and closing). This was done to capture the hysteresis,
Mullins softening effect and plastic-strain accumulation expected in the material. The speed of the Pushrod was
50 mm/min.

In this test, 15 samples were tested. 5 samples of each XPV size (16, 18, and 20). Each sample had a length of
80 + 10 mm and an inner diameter corresponding to the number of the sample size (e.g., a diameter of 16 mm
for the XPV16).

The material model was based on material experiments done under wet conditions. Thus, the ideal test condition
for the test samples was a fully submerged wet environment. However, it was not possible to test the samples in
a fully submerged wet environment. For this reason, it was decided to do experiments with wet samples in a dry
environment. The samples were soaked in room-temperature water the day before the experiments.

A drawing of the test assembly for LC1, labeling all the components, and a picture of the test setup in the lab are
shown in Figure 2-2. A detailed drawing of the test setup is in Appendix A, Leaflet Opening Behavior Experimental
Setup. Besides the Pushrod, the Top Fixture and Bottom Fixture had a different size as well depending on the XPV
size. There were three versions of the Bottom Fixture and the Top Fixture, one for each XPV size. This was to
ensure all three XPV samples could be fixed.

During testing some concentric misalignment was expected between the Pushrod and the sample. For this
reason, video measurements were taken to quantify the misalignment of each test. The measurement software
used was Tracker (15), an open-source video analysis program. More information about the misalignment
measurements is found in Appendix B, LC1 Misalignment Measurements.

Pushrod—

Top fixture

Lid ———

Sample——

Box-
Alignment Plate—

Bottom Fixture

Figure 2-2: LC1, drawing test setup (left) and a picture of the test setup in the lab (right).
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Besides the components shown in Figure 2-2, the following components were used during testing:

Alarge circular aluminum bottom plate to which the box was attached.

A 5N Load cell

Two cameras attached to a tripod, to film in two perpendicular perspectives.

Tape

Double sided tape

A sheet of water-absorbing material to protect the machinery in the Lloyd machine.
Post-its, for labeling

The steps to assemble the test setup on the Lloyd machine were as follows:

v W

o

9.

10.

Put a water-absorbent sheet on the bottom of the Lloyd.

Mount the large circular bottom plate on the bottom attachment of the Lloyd machine.

Apply double-sided tape on the circular bottom plate.

Attach the 5N load cell to the top attachment of the Lloyd machine.

Assemble the test setup as shown in Figure 2-2 (left) without the sample and attach the Pushrod to the
load cell. Make sure the Pushrod, Bottom Fixture, and Top Fixture are of the correct size.

Attach the Pushrod_attachment_test1 for the XPV20 to the load cell.

Align the Box so that the Pushrod will not touch the Top Fixture and the cameras can film from two
perspectives. Put the box on the bottom aluminium plate, where it will be fixed with double-sided tape.
Bring the load cell down until the tip of the Pushrod is above the bottom fixture, set this to the home
position.

Bring the load cell up 29 mm and set the new position as the home position.

Place the two cameras, and make sure they are filming from two perspectives.

With the test setup assembled the testing following load protocol was applied:

O 0N E WD

[ S
N RO

Bring the load cell up so that the Pushrod is above the lid.

Take the Lid off.

Place a sample on the bottom fixture with the ventricle side facing up.

Place the lid on the test assembly, and make sure the top fixture slides into the sample.

Send the load cell to the home position.

Start filming with both cameras.

Start the test program, the load cell moves 29 mm down and up at a speed of 50 mm/min for 10 cycles.
Stop filming.

Bring the load cell up so that the Pushrod is above the lid.

. Take the Lid off.
. Remove the sample and put it in its water container.
. Repeat from testing step 1 with the next sample, make sure to keep track of the sample serial numbers.

Change the Pushrod, Bottom Fixture, and Top Fixture when changing the sample size (e.g., from an XPV16
to an XPV18).

For each experiment, the data was processed to retrieve the force-displacement curve of that experiment. One
force-displacement plot of an XPV16 sample is shown in Figure 2-3. In the graph all the cycles are highlighted in
green, the first half cycle of each test is shown in red. From the first half cycle, the peak force was extracted and
is highlighted by a red dot in the graph. Also, from the first half cycle, the stiffness was calculated. The region of
the first cycle where the stiffness was calculated is highlighted in blue in the graph. The upper and lower bounds
of these regions were defined as being respectively 75% and 60% of the peak force.

13
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Above the graph, the serial number of the sample is listed with the load case as the prefix. In this case, the prefix
is PR which is short for Pushrod. The number after the second P in the number stands for the sample size, e.g.,
xx_xXxxxP16-xx-xxx is a sample of the XPV16 and xx_xxxxP20-xx-xxx is a sample of the XPV20.

Serial number
Load case XPV size

\

LC1| 2008P16:01-041

—— All cycles

——— Peak force

—— First half cycle

—— Stiffness calculation

FIN]

14 16 18 20 22 24 26 28 30
s [mm]

Figure 2-3: A force-displacement curve of one XPV16 sample for the Leaflet opening test. F is the force measured by the load
cell in N and s is the displacement of the load cell in mm. The force-displacement curve with the numerical values is in
Confidential Appendix F, LC1, Force-Displacement Curves of the Experiments.

2.1.2 LC2, PARALLEL PLATE COMPRESSION

Taking guidance from the transverse compression load case from the ISO 5840-1 ‘Cardiovascular implants -
Cardiac valve prostheses - General requirements’ (14), transverse compression is a recommended load case to
validate the structural integrity of the device. Thus, a transverse compression load case was decided to be the
second experimental load case. The name of this load case is parallel plate compression (LC2).

For this load case, a sample was put between two parallel plates horizontally. The top parallel plate was attached
to aload cell and moved down compressing the sample. The load case is shown in Figure 2-4. A picture of the test
setup in the lab is shown in Figure 2-5.

14
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Figure 2-4: Parallel plate load case

The same load cell was used as with the Leaflet opening experiment. Thus, the same error values apply here for

the load cell. These numbers are listed in Table 2-1.

The total displacement and the displacement speed
were assigned as input. The output of the experimental
data consisted of numerical data of the reaction force,
displacement, and time. The experiments consisted of
27 cycles, one cycle was compression and release. The
first three cycles were with 20% inner diameter
compression, the second three cycles were with 30%
inner diameter compression and the last three cycles
were with 50% inner diameter compression. After the
9 cycles, the sample was rotated 120 degrees and was
loaded again for 9 cycles. After this the sample was
rotated again 120 degrees for the final 9 cycles, giving a
total of 27 cycles. The speed of the top plate was 100
mm/min. A large number of cycles and different
compressions were done to capture the hysteresis,
Mullins softening effect and plastic-strain accumulation
expected in the material. The amount of compression or
displacement of the top parallel plate was defined from
the point where the load cell measures a pre-load of
0.05 N. The top parallel plate displacement for all the
sample sizes and the amount of compression are listed
in Table 2-2.

Pressure Plate
assembly

Sample

Bottom Plate

Figure 2-5: A picture of the parallel plate compression test.

15
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The same 15 samples that were used in the experiment of LC1 were used in this experiment. Just as with the
experiment of LC1, the tests were done with wet samples in dry conditions. The samples were soaked in room
temperature water the day before the tests.

Table 2-2: LC2, top plate displacement for all the variants. Displacement was measured from the moment the load cell

measured a force of 0.05 N.

Compression (%)

20 30 50
XPV variant Displacement (mm)
XPV16 5 6.6 9.8
XPV18 5.4 7.2 10.8
XPV20 6.2 8.2 12.2

The following components were used during the tests:

A Bottom Plate.

The Pressure Plate assembly.

A 5N Load cell

Two cameras attached to a tripod, to film in two perpendicular perspectives.

Tape

Double sided tape

A sheet of water-absorbing material to protect the machinery in the Lloyd machine.
Post-its, for labeling

The Pressure Plate assembly was created by attaching a 2 mm thick aluminium plate to a large circular aluminium
plate with double-sided tape. The assembly was pressed with a punch device in the workshop to ensure the
pressure plate was fixed onto the top plate. The steps to assemble the test setup on the Lloyd machine for LC2
were as follows:

oS Uk W e

7.
8.

Put a water-absorbent sheet on the bottom of the Lloyd.

Mount the Bottom Plate on the bottom attachment of the Lloyd machine.

Attach the 5N load cell to the top attachment of the Lloyd machine.

Attach the Pressure Plate assembly to the load cell.

Place an XPV20 sample on the Bottom Plate.

Move the load cell down until the Pressure Plate is close to the XPV20 sample, set this as the home
position.

Remove the XPV20 sample.

Place the two cameras, and make sure they are filming from two perspectives.

The test setup is shown in Figure 2-5. With the test setup assembled the testing following load protocol was
applied:

v W

No

16

Make sure the Lloyd machine is in its home position.

Place a conditioned sample on the bottom plate with the ventricle side facing one of the cameras.

Take the Lid off.

Start filming with both cameras.

Start the test program, the load cell down compressing the sample 20%, 30%, and 50% respectively for
three cycles each. The distances are defined in Table 2-2.

Stop filming.

Remove the sample and put it in its water container.

Repeat from testing step 1 with the next sample, make sure to keep track of the sample serial numbers.
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For each experiment, the data was processed to retrieve the force-displacement curve in the same way as LC1.
One force-displacement plot of an XPV16 sample is shown in Figure 2-6. All the cycles are highlighted in green
and the first half cycle of each test is shown in red. From the first half cycle, the force at the displacement value
of 3 mm (Fp) was extracted and is highlighted by a blue dot in the graphs. From the first half cycle, the stiffness
was also calculated. The region of the first cycle where the stiffness was calculated is highlighted with a blue line
in the graph. The upper and lower bounds of these regions are defined as being respectively 0.5 N above F, and
0.5 N below F,.

Above the graph, the serial number of the sample is listed with the load case as the prefix. In this case, the prefix
is PP which is short for Parallel Plate. The number after the second P in the number stands for the sample size,
e.g., xx_xxxxP16-xx-xxx is a sample of the XPV16 and xx_xxxxP20-xx-xxx is a sample of the XPV20. The last
number indicated the position of the sample. Number 1 indicates the first position; number 2 indicates the second
position where the sample was 120 degrees turned axially from the first position. Finally, number 3 indicates the
last position where the sample was 240 degrees turned axially from the first position. This is shown in Figure
2-6.

Serial number .
Load case XPV size

Position

[LC2|[2008P16101-028

All cycles

First half cycle

FP

Stiffness calculation

RaN

FIN]

0 2 4 6 8 10
s [mm]

Figure 2-6: A force-displacement curve of one XPV16 sample for the parallel plate compression test. F is the force measured by
the load cell in N and s is the displacement of the load cell in mm. The force-displacement curve with the numerical values is in
Confidential Appendix G, LC2, Force-Displacement Curves of the Experiments.
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2.2 MODEL GEOMETRY

The XPV comprises the following components: a Conduit and three Leaflets forming the valve. The model was
developed in three sizes, XPV16, XPV18, and XPV20 where the number corresponds to the inner diameter of the
Conduit. Figure 2-7 shows an XPV20 FE model. Further components were added to the XPV assembly for the two
load cases considered. To account for different types of uncertainties the model was developed parametric. This
was done using Abaqus CAE together with Python scripts (16). The Abaqus CAE files and Python scripts are
stored at 4RealSim™.

Figure 2-7: XPV20 FE model

2.2.1 CONDUIT

The design of the Conduit was provided as a CAD drawing by Xeltis™ and is shown in Figure 2-8. Due to the
additive nature of the device manufacturing, the geometry of the Conduit is dependent on the geometry and
positioning of the Leaflets. In the geometry cut-outs have been created where the Leaflets are situated, these cut-
outs are in the middle of the Conduit.

A
A SECTION A-A

Figure 2-8: Conduit CAD geometry
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The electrospinning manufacturing method creates the Conduit on a mold and the CAD geometry of the Conduit
was extracted from CAD files of these molds. Thus, the Conduit CAD geometry was different from the real Conduit
geometry. Because of the manufacturing method, there is a non-uniform thickness across the length of the
Conduit. During manufacturing, the needle where the polymer is dispensed from moves back-and-forth axially
in relation to the collector (see Figure 1-2). This back-and-forth motion causes the thickness to be thicker in the
middle of the collector than at the edges. Furthermore, when the device is placed inside a patient the Conduit is
trimmed in length and at an angle to make the device fit. Thus, the length, thickness distribution, and geometry
of the cut-outs deviate from the CAD files provided. A pCT scan of part of the real device geometry is shown in
Figure 2-9.

Figure 2-9: nCT scan of the Conduit with two Leaflets shown.

To account for these uncertainties, parameters were defined for the length, trimming angle, distance from the
ventricle side to the sinus, and thickness distribution of the Conduit as shown in Figure 2-11. A description of the
geometry parameters for the Conduit is listed in Table 2-3. The inside diameter of the device was assumed fixed
and had the same diameter as the mold (e.g., 20 mm for XPV20). The numerical values of these parameters are
in Confidential Appendix A, Conduit Geometry Parameter Values.

Table 2-3: Conduit geometry parameters, numerical values are in Confidential Appendix A, Conduit Geometry Parameter

Values.
Parameter Unit Description
L mm Conduit Length
D mm Inner Diameter
VS mm Ventricle side to Sinus
TA_V deg Trim Angle ventricle side
TA_P deg Trim Angle pulmonary side
TPA_V deg Trim Plane Angle ventricle side
TPA_P deg Trim Plane angle pulmonary side
t1,t2,t3,t4,t5 mm Conduit thickness at five points

Values for the parameters were obtained by measurements done on pCT data performed by 4RealSim™. The
length of the Conduit and distance from the ventricle side to the sinus were measured using a caliper.

To obtain the accurate geometry of the Leaflet cut-outs an ad-hoc forming model was developed. In this forming
simulation, the Conduit was modeled as a cylinder, and three rigid Leaflets were pushed into the Conduit (see
Figure 2-10).
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Figure 2-10: Conduit forming.

Figure 2-11: Conduit geometry parameters visualization

The Conduit consisted of a mesh with solid linear elements with reduced integration (C3D8R) with a mesh
resolution of 0.4 mm with 2 elements through the thickness. Enhanced hourglassing was used to reduce the
hourglassing of the elements. This was based on a mesh convergence study done by 4RealSim™. In this
convergence study the element size, number of elements through the thickness, and element type were
investigated. The mesh convergence study consisted of a simplified parallel plate compression test. Here a
portion of the conduit was modeled as shown in Figure 2-12. The maximum logarithmic strain in the
circumferential direction was used to compare the different mesh definitions. The comparison was done by
comparing the mesh definitions to a converged second-order mesh definition (C3D20) which was the most
accurate at a greater computational cost. Considering the maximum logarithmic strain in the circumferential
direction and computational cost, element C3D8R was chosen with a mesh resolution of 0.4 mm and two
elements through the thickness. This resulted in a total of 61584, 69488, and 76220 elements in the Conduit for
the XPV16, XPV18, and XPV20 respectively with mean parameter values.
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Figure 2-12: Conduit mesh convergence model

Multiple partitions were made in the Conduit to improve the quality of the mesh as is shown in Figure 2-13. The
mesh was generated with a sweep path to increase uniformity across the thickness (16). The sweep path was
from the inside to the outside. The mesh of the formed Conduit is shown in Figure 2-14.

Figure 2-13: Partitions made in the Conduit to improve the mesh quality.
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»

X

Figure 2-14: Formed Conduit mesh.

2.2.2 LEAFLETS

As with the design of the Conduit, the design of the Leaflets was provided as CAD files from Xeltis™. The CAD
geometry of these Leaflets is shown in Figure 2-15. The thickness distribution in the CAD file was uniform. As
with the Conduit, the geometry of the Leaflet CAD geometry was extracted from CAD files of the molds. Thus, it
deviated from the actual geometry of the Leaflets. Because of the manufacturing method, there is a non-uniform
thickness across the Leaflet. During manufacturing, the needle where the polymer is dispensed from moves back-
and-forth axially in relation to the collector (see Figure 1-2). This back-and-forth motion causes the thickness to
be thicker in the middle of the collector than at the edges. After the electrospinning process, the Leaflets are
trimmed to the right angle and length. A puCT scan of the device in Figure 2-16 shows the real geometry of the
Leaflets. In the FE model, the CAD geometry was imported and modified to resemble the shape of the Leaflets
after manufacturing. This was done by removing faces until only the inner surface of the Leaflet was left.
Afterwards, the Leaflet trimming was incorporated into the geometry of the Leaflets by defining parameters for
the Leaflet trim length and Leaflet trim angle as shown in Figure 2-16. An explanation of the Leaflet trimming
parameters is listed in Table 2-4.

& &

Figure 2-15: Provided Leaflet CAD geometry.
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TL

Figure 2-16: nCT scan of the real XPV showing three Leaflets with the Conduit (right) and Leaflet trimming visualization
(right).

Table 2-4: Leaflet trimming parameters description, numerical values are in Confidential Appendix B, Leaflet Geometry
Parameter Values.

Parameter Unit Description
TL mm Trim length
TA deg Trim angle

Furthermore, the non-uniform thickness of the Leaflets was included in the model with a discrete field. Here
every node was assigned a thickness. This thickness distribution was divided into regions of the Leaflet, shown
in Figure 2-17. There were two types of regions, the main regions, and the transition regions. The main regions
consisted of the Top, Belly, and Side. The transition regions consisted of bt_transition (bt is belly and top),
sb_transition (sb is side and belly), st_transition (st is side and top), and sbt_transition (sbt is side belly and top).
These parameters were defined for the individual Leaflets. This way, differences between the Leaflets were
included in the model. The thickness of every node in the main regions was defined with a second-order
regression function, shown in Formula 2.1. The regression function calculates the thickness of the specific node
by six parameters and the y-z location of the node. An explanation of the parameters used in the formula is in
Table 2-5. Values for the parameters regarding the Leaflet trimming and the non-uniform thickness distribution
were obtained by measurements done on pCT data performed by 4RealSim™. These values are in Confidential
Appendix B, Leaflet Geometry Parameter Values.

_ (Bo+ By + Baz + B11y?
Tnode = < +B222% + Pr2yz > (21)
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bt_transition
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Top

sbt_transition

st_transition C *x

sb_transition

Figure 2-17: Leaflet thickness distribution regions (left) and thickness calculation of a node in a transition region (right).

Table 2-5: Thickness distribution of the main regions formula parameters, numerical values are in Confidential Appendix B,

Leaflet Geometry Parameter Values.

Parameter Unit Description

Thode mm Thickness of the node

Bo» mm Six different thickness

B, Bz, - parameters,

B11, B2z, P2 1/mm

Y, Z mm The y -and z-coordinates
of the node

The thickness in the transition regions is dependent on the thickness of the main regions. The thickness of the
transition regions was calculated by taking the thickness of the two nodes on the edge of the adjacent main
regions and scaling the thickness with the distance between the nodes as done in Formula 2.2. An explanation of
the parameters used in the formula is in Table 2-6 and the calculation is schematically shown in Figure 2-17.

th1i—tn
tTL3 = b * % + tTLl (2.2)

Table 2-6: Thickness distribution of the transition regions formula parameters

Parameter Unit Description

th1 mm  The thickness of the node lying on the edge of the first main region.

tn2 mm  The thickness of the node lying on the edge of the second main region.

tn3 mm  The thickness of the node lying in the transition region.

b - Distance between the node in the first main region and the node in the transition region.
c - Distance between the nodes on the first and second main region
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The Leaflets were meshed with solid linear elements with reduced integration (C3D8R). The mesh resolution
was 0.2 mm with 3 elements through the thickness. Enhanced hourglassing was used to reduce the hourglassing
of the elements. This was based on a mesh convergence study done by 4RealSim™. In this convergence study the
element size, number of elements through the thickness, and element type were investigated. Here a 1/6th
symmetry model of the XPV was used as shown in Figure 2-18. Two load cases were considered, a Leaflet opening
load case and a Leaflet closing load case. For both load cases, the maximum logarithmic strain in the
circumferential direction and the axial direction were compared in a region of interest (ROI) specific to the load
case considered, as shown in Figure 2-19. The comparison was done by comparing the mesh definitions to a
converged second-order mesh definition (C3D20) which was the most accurate at a greater computational cost.
From this study element C3D8R was chosen with a mesh resolution of 0.2 mm and three elements through the
thickness. This was chosen by comparing the maximum logarithmic strain in the circumferential direction and
the axial direction, and the computational costs. This resulted in a total of 26022, 36234, and 44115 elements in
the Leaflet for the XPV16, XPV18, and XPV20 respectively with mean parameter values.

Symmetry planes Symmetry planes

Figure 2-18: Leaflet mesh convergence model

ROl for closing SRL

load case 5

ROI for opening
load case

Figure 2-19: ROIs for the two Leaflet mesh convergence study load cases
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The first step in generating the Leaflet mesh was to create a shell mesh. The second step was to create a solid
mesh by offsetting the shell mesh to the outside direction. The shell mesh was defined as a combination of a free-
form mesh and a sweep mesh to improve the mesh quality. Furthermore, multiple partitions were defined to the
geometry to improve the mesh quality (16). The partitions, regions with free mesh, and sweep mesh are shown
in Figure 2-20. The resulting Leaflet mesh is shown in Figure 2-21.

Figure 2-20: Leaflet mesh definitions. In pink, a free-form mesh is defined. In yellow, a sweep mesh is defined. The sweep path
is shown with red arrows.
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Figure 2-21: Leaflet mesh

2.2.3 XPV ASSEMBLY

Putting the three individual Leaflets and the Conduit together gives the XPV assembly. In the assembly, the
position of the Leaflets to the Conduit was defined with parameters as shown in Figure 2-22 and explained in
Table 2-7. These parameters were defined for the three Leaflets individually and the numerical values are in
Confidential Appendix B, Leaflet Geometry Parameter Values.
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RO

Figure 2-22: Leaflet position parameters about the Conduit, the Conduit is in its unformed state.

Table 2-7: Leaflet assembly position parameters

Parameter Unit Description
RO mm Radial Offset
co mm Center Offset
AO mm Axial Offset
RA deg Radial Angle
CA deg Center Angle
AA deg Axial Angle

2.2.4 CONDUIT FORMING ASSEMBLY

For the Conduit forming simulation (FS), additional geometry was added to the XPV assembly. Besides the
Conduit and Leaflets, an analytical rigid cylinder was added to the assembly. The inside of the Conduit was in
contact with the outside of the rigid cylinder and was used to keep the Conduit in place during the forming
simulation. In Figure 2-23 the forming model assembly is shown.
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Figure 2-23: Forming model assembly isometric (top), front view (bottom-left), side view (bottom-right)

2.2.5 LC1, LEAFLET OPENING BEHAVIOR ASSEMBLY

The formed Conduit and the Leaflets from the FS are imported without stress into the Leaflet opening behavior
assembly. Furthermore, to simulate the first load case the XPV assembly was modified to a half-symmetry model,
this was done to improve computational time while still allowing for the misalignment of the Pushrod to be
incorporated in the model. Because of symmetry, an analytical rigid symmetry plane was added to the model for
the contact definitions. Furthermore, the Pushrod was added to the assembly. The Pushrod was modeled as an
analytical rigid part. Adding all the parts to the XPV assembly gives the Leaflet opening behavior assembly and is
shown in Figure 2-24.

Figure 2-24: Leaflet opening behavior assembly isometric (top), front view (bottom-left), side view without symmetry plane
(bottom-right)
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Only the part of the Pushrod that interacts (collides) with the XPV was modeled. Two misalignment parameters
were added to the model. One parameter was defined to quantify the radial misalignment and one parameter
was defined to quantify the angular misalignment of the Pushrod to the Conduit. The angular misalignment was
defined from the point where the Pushrod was attached to the load cell. This was the expected location where
the Pushrod misalignment would occur. This point was placed at 107 mm from the tip of the Pushrod in the
positive z-direction as shown in Figure 2-25. Thus, the misalignment was an offset in the y-direction and an angle
around the x-axis in Figure 2-25.

107 mm

Figure 2-25: Pushrod misalignment. Misalignment is defined as an offset in the y-direction and a rotation around the x-axis.

2.2.6 LC2, PARALLEL PLATE COMPRESSION ASSEMBLY

The formed Conduit and the Leaflets from the FS are imported without stress into the Leaflet opening behavior
assembly. Furthermore, to simulate the parallel plate compression load case, the XPV assembly was modified to
a half-symmetry model in the same way as the Leaflet opening behavior assembly, this was done to improve
computational time. Because of symmetry, an analytical rigid symmetry plane was added to the model for the
contact definitions. Furthermore, two additional analytical rigid planes were used to simulate the pressure plates
used in the experiments. Putting all the components together gives the parallel plate compression assembly,
which is shown in Figure 2-26.

Figure 2-26: Parallel plate compression assembly isometric (top), front view (bottom-left), side view without symmetry plane
(bottom-right)
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2.3 MATERIAL MODEL

2.3.1 XPV MATERIAL MODEL

To describe the material behavior a user-defined material model was developed for both the Conduit (XP-005)
and the Leaflet (XP-034) material. The material behavior was described through a material model containing
characteristics for anisotropic, hyperelastic, and viscoelastic behavior with plastic deformation, also including
cyclic stress softening (Mullins effect). Temperature dependency was ignored as the body temperature was
assumed to be constant. The material behavior was taken at 37 degrees Celsius. Furthermore, the material was
calibrated with three different types of experiments. These include cyclic biaxial tensile tests, multiple uniaxial
tensile tests, and multiple uniaxial stress relaxation tests after cyclic loading.

The tests have been done in two directions for both materials. The two directions were defined as the
circumferential direction and the axial direction of the cylinder used during the electrospinning process. The
material experiments were done by Leartiker™ (17). The material calibration and material model development
were done by TU-Graz (18, 19). The material model with its parameters from TU-Graz was directly imported into
the computational model. The formulas from the material model together with their parameters are in Appendix
D, Material Parameters Description. Numerical values of the material parameters are in Confidential Appendix C,
Material Model Values.

To understand the material model, a cyclic tensile test simulation has been performed with a single 1 by 1 mm
element. The cyclic load case consisted of 5 cycles of 1.05 stretch level followed by 5 cycles of 1.1, 1.2, 1.3, and
1.5 stretch levels. Here, one cycle consisted of loading to the stretch level and unloading to the starting length of
the material. Furthermore, the load speed was 10 mm/min. From the simulation, the Cauchy stress and
logarithmic strain were extracted to get the stress-strain curve of each load case. Both materials, XP-034 and XP-
005, have been tested in the axial and circumferential direction. The obtained stress-strain curves are shown in
Figure 2-27. The graphs with the numerical values are in Confidential Appendix C, Material Model Values. From
the stress-strain curves, it can be observed that both materials are stiffer in the axial direction than in the
circumferential direction, indicating anisotropy. Furthermore, the hysteresis due to the viscoelasticity of the
material is visible by the difference in the loading and unloading curve (20). Also, the Mullins softening effect is
visible, as the reloading curve follows approximately the unloading curve for each cycle (21). The unloading curve
doesn’t follow the unloading curve exactly because of plastic deformation. Furthermore, the stress at zero strain
goes further below zero with each cycle, indicating plastic deformation.
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Figure 2-27: Material behavior for a cyclicload case in multiple directions, highlighting the anisotropy of XP-034 (left) and
XP-005 (right). o is the Cauchy stress in MPa and ¢ is the logarithmic strain both obtained from the simulation. The graphs with
the numerical values are in Confidential Appendix C, Material model values.

The anisotropy definition in the material model requires a material orientation to be added to the FE model. In
this material orientation definition, three directions need to be defined. The first material direction (1-axis)
corresponds to the axial direction of the cylinder used during the electrospinning process. Furthermore, the
second material direction (2-axis) corresponds to the circumferential direction of the cylinder used during the
electrospinning process. Finally, the third material direction (3-axis) corresponds to the radial direction of the
cylinder used during the electrospinning process. The difference between the nominal stiffness along the 1-axis
and the 2-axis is shown in Figure 2-27. The nominal thickness in the 3-axis is approximately zero.

The material orientation definition was implemented with a discrete field. In this way, every element of the
component had its material orientation. Furthermore, this ensures that two orientations lie on the element’s
surface, while one orientation is normal to the element’s surface. This was to accurately resemble the fiber
orientation due to the electrospinning process.

For the Conduit, the material orientation definition was defined such that the 1-axis points in the axial direction
of the Conduit. Secondly, the 2-axis pointed in the circumferential direction of the Conduit. Finally, the 3-axis
pointed to the center of the Conduit.

For the Leaflets, the 1-axis pointed in the same axial direction as when the Leaflet was assembled into the
Conduit. Secondly, the 2-axis pointed in the same circumferential direction as the Conduit. To ensure the 2-axis
was in the circumferential direction, three rings have been modeled around the Leaflet. The inside
circumferential of these three rings was selected as the 2-axis. This is shown by the blue arrows on the three
rings in Figure 2-28. Finally, the 3-axis pointed to the inside of the Leaflet. For uncertainty quantification two
parameters were defined for a rotation around the 3-axis. The material orientation of the Conduit and the Leaflet
is shown in Figure 2-29. All the material parameters used in the Python script are listed in Table 2-8. Numerical
values of these parameters are in Confidential Appendix C, Material Model Values.
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Figure 2-28: Leaflet material orientation definition, P-2 is the circumferential directional axis used by 2-axis material
orientation.

Table 2-8: Material parameters, numerical values of the material parameters are in Confidential Appendix C, Material Model

Values.
Parameter Unit Description
Mat Conduit Rotation deg Rotation along the third axis of the material orientation.
Mat Leaflet Rotation deg
Mat XP034 Density tonne/m The density of the material used in Abaqus Explicit.
3
Mat XP034 PR0O1 al1l - Undamaged anisotropy (fiber direction, fiber stiffness, fiber
Mat XP034 PRO2 a22 - geometry)
Mat XP034 PRO3 mp MPa
Mat XP034 PR04 gp -
Mat XP034 PRO5 dp -
Mat XP034 PR0O6 mn MPa
Mat XP034 PRO7 gn -
Mat XP034 PR0O8 dn -
Mat XP034 Poisson Used to calculate the inverse of the bulk modulus.
Ratio
Mat XP034 PR10 etaOm - Mullins Effect
Mat XP034 PR11 alphm -
Mat XP034 PR12 etaOr - Permanent set
Mat XP034 PR13 alphr -
Mat XP034 PR14 tvis1 sec Viscoelasticity
Mat XP034 PR15 mvis1 1/MPa
Mat XP034 PR16 tvis2 sec

Mat XP034 PR17 mvis2 1/MPa
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Mat XP034 PR18 tvis3 sec
Mat XP034 PR19 mvis3 1/MPa
Mat XP005 Density tonne/m Density of the material used in Abaqus Explicit
3
Mat XP005 PR0O1 a1l - Undamaged anisotropy (fiber direction, fiber stiffness, fiber geometry
Mat XP0O5 PRO2Z a22 -
Mat XP0O5 PRO3 mp MPa

Mat XP0O5 PRO4 gp -
Mat XP005 PRO5 dp -
Mat XP005 PR0O6 mn MPa
Mat XP005 PRO7 gn -
Mat XP005 PR08 dn -

Mat XP0O5 Poisson - Used to calculate the inverse of the bulk modulus.
Ratio

Mat XP0O5 PR10 etaOm - Mullins Effect
Mat XP0O5 PR11 alphm -

Mat XP0O5 PR12 etaOr - Permanent set
Mat XP005 PR13 alphr -

Mat XP005 PR14 tvis1 sec Viscoelasticity
Mat XP0O5 PR15 mvisl 1/MPa

Mat XP0O5 PR16 tvis2 sec

Mat XP0O5 PR17 mvis2 1/MPa

Mat XP0O5 PR18 tvis3 sec

Mat XP005 PR19 mvis3 1/MPa
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Figure 2-29: Material orientation of the Leaflet (up) and the Conduit (below)

2.3.2 EXPERIMENT SETUP MATERIAL

The Pushrod and parallel plates were modeled as rigid bodies. This was an assumption as the parts are not rigid.
Thus, the stiffness of the material used for the Pushrod and parallel plates needed to be compared to the stiffness
of the XPV after the experiment. This was to assess the influence of the rigid body assumption.

Regarding the Leaflet opening behavior experiment, the Pushrod was manufactured with SLA 3D printing using
the Formlabs™ SLA 3D printer and the material was grey resin. Regarding the parallel plate compression
experiment, the bottom parallel plate and top parallel plate were made of aluminum. Specifically, EN-AW 1050A
was used. From the tensile modulus and the part geometry, the part stiffness was calculated. The tensile modulus
of both materials and the stiffness of the Pushrod and the parallel plates are listed in Table 2-9.

Table 2-9: Experiment components' material properties

Component Material Tensile modulus Standard Stiffness
Pushrod Grey Resin (22) 1.6 GPa ASTM D638-14 1.8 *103 N/mm
Parallel plates Aluminium (23) 69 GPa BS EN 485-2 1.31*108 N/mm
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2.4 MODEL DEFINITIONS

Model definitions include solver definitions, boundary conditions, constraints, and contact definitions. For the
solver definitions, Dassault Systémes Abaqus FEA software version 2021HF7 was the software used to create the
model. Both the Abaqus/Implicit FE solver and the Abaqus/Explicit FE solver were used in the computational
device modeling workflow. Abaqus/Implicit was used for the FS, while Abaqus/Explicit was used for the Leaflet
opening behavior and parallel plate compression simulation. Abaqus/Explicit was chosen here because
Abaqus/Implicit showed convergence issues caused by the non-linear material dynamics in combination with
the contact dynamics between the components.

Depending on the load case, different solver definitions, BCs, constraints, and contact definitions were used. The
FS used its own set of BCs, constraints, and contact definitions. The Leaflet opening behavior simulation and
parallel plate compression simulation shared similar BC, constraints, and contact definitions, but there are
differences.

2.4.1 CONDUIT FORMING

The FS consisted of two steps. In the first step, a negative pressure of 5 MPa was applied on the inside surface of
the Conduit to fixate the Conduit in place on the rigid cylinder. In the second step, the Leaflets were moved into
the Conduit, which formed the Conduit in the desired shape.

The following solver definitions were used in the first step. The step was defined as an implicit static step with a
time period of 1 second. The step was solved in 10 increments. Furthermore, the following BCs were applied.
First, the rigid cylinder was fixated in all degrees of freedom with a reference point (RP) located at one end of the
cylinder as shown in Figure 2-30. Secondly, the Conduit was constrained in the axial direction at both ends using
a cylindrical coordinate system. To prevent rotation around the axial axis the nodes lying on the yz-plane had a
symmetry boundary condition in the circumferential direction. The BCs for the Conduit are shown in Figure 2-31.
Finally, the Leaflets were fixed in all degrees of freedom at a reference node placed at the centroid of each Leaflet,
this is shown in Figure 2-32. Regarding constraints, the Leaflets were constrained to the RP at the centroid with
a rigid body constraint, which made them rigid during the simulation. A penalty formulation was used for the
contact definition of the Conduit with the rigid cylinder and the Conduit with the three Leaflets. The contact
stiffness was chosen as 50,000 MPa/mm. Furthermore, contact was considered with zero friction.

For the second step, the following solver definitions were used. The step was defined as an implicit static step
with a time period of 1 second. The step was solved in 50 increments. In this step, the Leaflets were moved into
the Conduit with a displacement BC moving the Leaflets 3 mm in the radial direction. As with the previous step,
the BC was applied to the centroid of the Leaflets as shown in Figure 2-32. The Leaflets displacement forms the
Conduit into the correct shape. The beginning and end state of the FS is shown in Figure 2-10. The same contact
definition as the previous step was used.

The numbers for the pressure, time periods, time increments, and contact stiffness were based on a verification
study done by 4RealSim™. Furthermore, the contact stiffness was chosen so that the Conduit deformation follows
the Leaflet shape closely.
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Figure 2-30: FS rigid cylinder BCs, the red circle highlights the RP used for the BC.

Figure 2-31: FS Conduit BCs, the BCs were applied on the highlighted edges.
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Figure 2-32: FS step 1 Leaflets BCs, the BCs were applied to the centroids of the Leaflets (left). FS step 2 Leaflets BCs, the three
arrows indicate the displacement direction of the three Leaflets (right).

2.4.2 XPV
The solver definitions, BCs, constraints, and contact definitions in the XPV assembly were the same for the Leaflet
opening behavior and parallel plate compression model. Thus, they will be described here separately.

The two load cases consisted of two steps. The first step was a contact initialization step where initial contact
between the Leaflets was resolved as an interference fit. The following solver definitions were applied to this
step. The step was defined as a dynamic explicit step with a time period of 0.1 seconds. Furthermore, the
following BCs were applied. First, the Conduit was fixed in the axial and circumferential direction in a cylindrical
coordinate system with a boundary condition at both ends of the Conduit as shown in Figure 2-33.

A penalty formulation was used for the contact definition of the Conduit with the three Leaflets. Furthermore, a
penalty formulation was used for the contact definition between the Leaflets. A friction coefficient of 0.01 was
used to improve the numerical stability of the simulation. Finally, the Leaflets were fixed to the Conduit with a
tie constraint.

The second step adds BCs, constraints, and contact definitions specific to the load case considered. Before
applying BCs, constraints, and definitions for LC1 and LC2, the XPV model has been tested with a pressure load
case as described in Appendix C, XPV FE Model Pressure Load Case Test.
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Figure 2-33: XPV model Conduit BCs

2.4.3 LEAFLET OPENING BEHAVIOR

The solver definitions, BCs, constraints, and contact definitions described in 2.4.2 were used in this model. As an
addition to the contact initialization step solver definitions, mass scaling was applied such that the stable time
increment was 5e-4 throughout the simulations. This was checked every 1000 increments. Furthermore, as the
load case used a symmetrical model the following BCs were added in the first step. First, the nodes of half of the
Leaflet and half of the Conduit that lies on the symmetry plane had a symmetry BC such that they were fixed in
the circumferential direction. Secondly, the symmetry plane was fixed to all degrees of freedom using an RP.
Lastly, the Pushrod was locked in all degrees of freedom using an RP. The BCs are shown in Figure 2-34.

A contact definition was added that describes the contact between the Pushrod and the Leaflets. This contact
definition used a penalty contact formulation. A friction coefficient of 0.7 was defined by doing an inclining ramp
test between a wet XPV sample and the 3D-printed material.
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In the second step, the following solver definitions were applied. The step was defined as a dynamic explicit step
with a time period of 15 seconds. The same mass scaling definition was used such that the stable time increment
was 5e-4 throughout the simulations. This is checked every 1000 increments. Furthermore, a displacement BC
condition was added to the Pushrod, moving it into the Leaflets for 12.5 mm until the valve was pushed open.
This amount of displacement together with the time period ensures the Pushrod was moved at a speed of 50
mm/min to match the experiments. Finally, a viscous pressure of 1e-6 MPa was applied to the inside surface of
the Leaflets (see Figure 2-35) to improve the numerical stability of the simulation.

. oLs,

Figure 2-34: Leaflet opening boundary conditions, symmetry plane removed for clarity.

¥ p = 1e-6 MPa

]

Figure 2-35: Leaflet opening viscous pressure surfaces, symmetry plane removed for clarity.
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2.4.4 PARALLEL PLATE COMPRESSION

The solver definitions BCs, constraints, and contact definitions described in 2.4.2 were used in this assembly. As
an addition to the contact initialization step solver definitions, mass scaling was applied such that the stable time
increment was 5e-5 throughout the simulations. This was checked every 1000 increments. Furthermore, as the
load case used a symmetrical model, the following BCs were added in the first step. First, the nodes that lie on
the symmetry plane had a symmetry BC such that they were fixed in the circumferential direction. Secondly, the
symmetry plane was fixed in all degrees of freedom using an RP. Lastly, both the bottom parallel plate and the
top parallel plate were fixed in all degrees of freedom. The BCs are shown in Figure 2-36.

A contact definition was added that describes the contact between the parallel plates and the Conduit. This
contact definition used a penalty contact formulation. A friction coefficient of 0.69 was found by doing an
inclining ramp test between a wet XPV sample and the aluminium top plate.

In the second step, the following solver definitions were applied. The step was defined as a dynamic explicit step
with a time period of 2.34 seconds. The same mass scaling definition was used such that the stable time increment
was 5e-4 throughout the simulations. This was checked every 1000 increments. Furthermore, a displacement BC
condition was added to the top parallel plate, moving it into the XPV which caused it to compress. The
compression was 20% for each XPV variant (XPV16, XPV18, and XPV20). The amount of compression and the
time period ensured the top parallel plate moved down at a speed of 100 mm/min to match the experiments.
Finally, a viscous pressure of 1e-6 MPa was applied instantaneously to the inside surface of the Conduit and the
outside surface of the Leaflets (see Figure 2-37) to improve the numerical stability of the simulation.

Figure 2-36: Parallel plate compression boundary conditions, symmetry plane removed for clarity.

Y

ZJ p = 1e-6 MPa

Figure 2-37: Parallel plate viscous pressure surfaces, symmetry plane removed for clarity.
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2.5 COMPUTATIONAL MODEL DATA GENERATION PROCESS

Now that all the components of the computational model are described, the simulation workflow will be
described here. The first step of the model generation process was to create the desired Conduit using the FS, as
shown in Figure 2-10. The FS received parameters for the Conduit geometry and the Leaflets geometry.
Furthermore, the FS received definitions for the applied loads, boundary conditions (BCs), constraints, contact
definitions, material definitions, mesh definitions, and solver definitions. The FS resulted in the formed Conduit
geometry. The formed Conduit geometry and the Leaflets geometry defined before the FS were used with the
material parameters to create the two load case models. The load case models also received their definitions for
loads, BCs, contact definitions, constraints, contact, added geometry, and solver definitions. Furthermore, the
Leaflet opening behavior model received parameters regarding the Pushrod misalignment. The output of the
Leaflet opening behavior simulation was data on the Pushrod reaction force and displacement. The output of the
parallel plate compression simulation was data on the top parallel plate reaction force and displacement. This
data was used to compare the models to the experiments. The computational model process flowchart to
generate the output data is shown in Figure 2-38. For parameter assignment and model generation with the
model definitions, Python scripts were used. Furthermore, the output of the simulations was obtained by Python
scripts as well. The model generation process was automated with an Isight model by 4RealSimT™.
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Load parameters
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Figure 2-38: Model generation process
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2.6 COMPUTATIONAL MODEL DATA GENERATION

Variations in the device geometry, material parameters, and experiment execution cause the output of the
experiment to be different from the output of the computational model. Incorporating these possible variations
in the model is called uncertainty quantification (UQ) (7). Incorporating uncertainty in the model with input
parameters allows a sensitivity analysis to be performed. With sensitivity analysis, the influence of the input
parameters on the output parameters is quantified. Furthermore, the output of the computational model will be
a distribution instead of a single value that can be compared to the experiments (24). This sensitivity analysis
and output distribution generation were performed by 4RealSim™ using Isight, and the method is described
below.

The input variables were defined as distributions. The input variables with their distribution were based on prior
measurements, experiments, preliminary simulations, or engineering judgment (24).

The input values that were used in the computational model were randomly chosen with a Monte Carlo
simulation (25). In the Monte Carlo simulation, lower and upper bounds were defined for the random selection
of input values. The upper and lower bounds were defined as two times the standard deviation (STD) from the
mean for a Gaussian distribution.

Monte Carlo simulations require many sample points so that the mean of the output comes close to the expected
value according to the Law of Large Numbers (26). Obtaining many sample points through FE simulations
requires many computational resources and becomes unfeasible for complex FE models. Surrogate modeling or
metamodeling provides a different approach to generating the required samples.

Metamodeling provides an approximation of the relationship between the input and the output. It is a
mathematical model that can take the form of a polynomial. It is usually of a much smaller size and uses less
computational resources than an FE simulation (24).

A metamodel (MM) was created by first performing multiple FE simulations with random input values bounded
by the parameter’s distribution. The range of the distributions was larger than the expected distribution. For
instance, for a Gaussian distribution, the range was increased to three times the STD. Increasing the range
ensured that the metamodel would interpolate the results rather than extrapolate. Each FE simulation created a
design of experiment (DoE). After multiple DoE’s were created, a metamodel could be generated by interpolating
the parameter space between the DoE’s through regression (24). This approach is visualized in Figure 2-39. The
meta-model could then be used to create the large number of samples required for the Monte Carlo simulation
(26).

Simulation results of F over P1 and P2

Simulation results of F over P1 and P2

Regression Fit |

Figure 2-39: Interpolating the parameter space through regression using the DoE's as data points (24)
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2.6.1 LEAFLET OPENING BEHAVIOR
Regarding the Conduit geometry parameters, for the Leaflet opening behavior model the parameters regarding
the Conduit geometry were fixed except for the Conduit thickness distribution. The thickness distribution of the
Conduit was assumed uniform; thus the 5 thickness parameters were identical. This was based on the
preliminary simulations done. The distribution was a gaussian distribution with an STD that was the maximum
STD out of the 5 thickness parameters.

Regarding the Leaflet geometry parameters, the thickness distribution on the main regions of the Leaflets was
defined as uniform based on pCT measurements. Furthermore, the differences between the Leaflets were
neglected as there were no significant differences found in the uCT measurements. Finally, no misalignment of
the Leaflets was assumed in the XPV assembly.

In total 6 geometry parameters were considered in the creation of DoE’s for the Leaflet opening behavior model
data generation. Regarding the material parameters, a total of 16 material parameters were used, 8 for the
Conduit material and 8 for the Leaflet material. Furthermore, two parameters were considered for the test setup,
regarding the Pushrod misalignment. This brought the total number of input parameters used to create the DoEs
to 24, which are listed in Table 2-10. The numerical values for the distributions used, mean and STD for these
parameters are in Confidential Appendix A, Conduit Geometry Parameters Values, Confidential Appendix B,
Leaflet Geometry Parameters Values, and Confidential Appendix C, Material Model Values.

Table 2-10: LC1, parameters used to create the DoEs.

Parameter Unit  Description

Conduit_t1 mm  Conduit thickness
Leaflet_Belly_f, mm  Leaflet Belly thickness
Leaflet_Side_g, mm  Leaflet Side thickness
Leaflet_Top_f, mm  Leaflet Top thickness
Leaflet_TL mm  Leaflet trim length
Leaflet_TA deg Leaflet trim angle
Mat_XP005_PR01_all - Conduit material, undamaged anisotropy (fiber direction, fiber stiffness,
Mat_XP005_PR02_a22 - fiber geometry)
Mat_XP005_PRO3_mp  MPa

Mat_XP005_PR04_gp -

Mat_XP005_PRO5_dp -

Mat_XP005_PRO6_mn  MPa

Mat_XP005_PR0O7_gn -

Mat_XP005_PR08_dn -

Mat_XP034_PR01_all - Leaflet material, undamaged anisotropy (fiber direction, fiber stiffness,
Mat_XP034_PR02_a22 - fiber geometry)
Mat_XP034_PRO3_mp MPa

Mat_XP034_PR04_gp -

Mat_XP034_PRO5_dp -

Mat_XP034_PRO6_mn  MPa

Mat_XP034_PR0O7_gn -

Mat_XP034_PR08_dn -

Pushrod_y-offset mm  Pushrod y-axis offset
Pushrod_x-rotation deg Pushrod x-axis rotation
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The input variables for the DoE were defined as distributions. The parameters for the XPV geometry were defined
with Gaussian distributions with a mean and STD. The values for the mean and STD were based on prior
measurements. The material parameter distributions were based on experiments done by TU Graz (19). The
distribution for the Pushrod position was chosen as uniform with upper and lower limits based on the design of
the experimental setup. The numerical values with the distribution for the Pushrod position parameters are
listed in Table 2-11. After the DoE simulations, more information about the Pushrod misalignment was available
and the distribution was changed to a Gaussian distribution for the Monte Carlo simulations, as listed in Table
2-12. The Pushrod x-rotation was removed from the Monte Carlo simulations as this parameter was
approximately zero for all sizes (see Appendix B, LC1 Misalignhment Measurements).

Table 2-11: LC1, numerical values and distributions for the Pushrod position parameters, implemented in the creation of the

DoEs.
Parameter Unit  Distribution Nominal Upper bound Lower bound
Pushrod_y-offset mm Uniform 0.0 -2.0 2.0
Pushrod_x-rotation deg Uniform 0.0 -1.5 1.5

Table 2-12: LC1, numerical values, and distributions for the Pushrod position parameters, implemented in the Monte Carlo

simulations.
XPV16 XPV18 XPV20
Parameter Unit Distribution Mean STD Mean STD Mean STD
Pushrod_y-offset mm Gaussian 0.83 0.58 0.85 0.25 1.19 0.74

The output data of a simulation was a force-displacement curve of the reaction force of the Pushrod and its
displacement. From this curve, the peak reaction force was used as an output parameter. Furthermore, the
stiffness was calculated between 60% and 75% of the peak force. Thus, two output parameters were used in this
load case. An example of a force-displacement plot of the Leaflet opening behavior simulation is shown in Figure
2-40.

LC1, force-displacement curve of one simulation

—— Half a cycle
——— Peak force
—— Stiffness calculation

F [N]

s [mm]

Figure 2-40: LC1, a force-displacement curve from one simulation. F is the force on the Pushrod in N and s is the displacement
of the Pushrod in mm. The graph with the numerical values of the force is in Confidential Appendix E, Two Force-Displacement
Curves of the Simulations.
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2.6.2 PARALLEL PLATE COMPRESSION
Regarding the Conduit, all the Conduit parameters were used in the DoE simulations, except the trim angle
parameters. This is because all the Conduits were straight for these experiments.

Regarding the Leaflet geometry parameters, the thickness distribution on the main regions of the Leaflets was
defined as uniform based on pCT measurements. Furthermore, the differences between the Leaflets were
neglected as there were no significant differences found in the uCT measurements. Finally, no misalignment of
the Leaflets was assumed in the XPV assembly.

In total 12 geometry parameters were considered in the creation of DoE’s for the Leaflet opening behavior model
data generation. Regarding the material parameters, a total of 16 material parameters were used, 8 for the
Conduit material and 8 for the Leaflet material. This brought the total number of input parameters used to create
the DoEs to 28, which are listed in Table 2-13. The numerical values for the distributions used, mean and STD for
these parameters are in Confidential Appendix A, Conduit geometry parameters values, Confidential Appendix B,
Leaflet geometry parameters values, and Confidential Appendix C, Material model values.

Table 2-13: LC2, parameters used to create the DoEs.

Parameter Unit  Description

Conduit_L mm  Conduit length

Conduit_VS mm  Conduit ventricle side to sinus
Conduit_t1 mm  Conduit thickness 1
Conduit_t2 mm  Conduit thickness 2
Conduit_t3 mm  Conduit thickness 3
Conduit_t4 mm  Conduit thickness 4
Conduit_t5 mm  Conduit thickness 5
Leaflet_Belly_3, mm  Leaflet Belly thickness
Leaflet_Side_f3, mm  Leaflet Side thickness
Leaflet_Top_f, mm  Leaflet Top thickness
Leaflet_TL mm  Leaflet trim length

Leaflet_TA deg Leaflet trim angle
Mat_XP005_PR01_all - Conduit material, undamaged anisotropy (fiber direction, fiber stiffness,
Mat_XP005_PR02_a22 - fiber geometry)
Mat_XP005_PRO3_mp  MPa

Mat_XP005_PR04_gp -

Mat_XP005_PRO5_dp -

Mat_XP005_PRO6_mn  MPa

Mat_XP005_PR0O7_gn -

Mat_XP005_PR08_dn -

Mat_XP034_PR01_all - Leaflet material, undamaged anisotropy (fiber direction, fiber stiffness,
Mat_XP034_PR02_a22 - fiber geometry)

Mat_XP034_PRO3_mp MPa
Mat_XP034_PRO4.gp -
Mat_XP034_PRO5_dp -
Mat_XP034_PRO6_mn  MPa
Mat_XP034_PRO7 gn -
Mat_XP034 PRO8.dn -

The input variables for the DoE were defined as distributions. The parameters for the XPV geometry were defined
with Gaussian distributions with a mean and STD. The values for the mean and STD were based on prior
measurements. The material parameter distributions were based on experiments done by TU Graz (19).
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The output data of a simulation was a force-displacement curve of the reaction force of the top parallel plate and
its displacement. From this curve, the reaction force at 3 mm displacement was used as an output parameter (Fy).
Furthermore, the stiffness is calculated between 2.5- and 3.5-mm displacement. Thus, two output parameters
were used in this load case. An example of a force-displacement plot of the Leaflet opening behavior simulation
is shown in Figure 2-41.

LC2, force-displacement curve of one simulation

—— Half a cycle
—— F,
| —— Stiffness calculation

F [N]

s [mm]

Figure 2-41: LC2, a sample force-displacement curve obtained from the parallel plate compression simulations. F is the force
on the top parallel plate in N and s is the displacement of the top parallel plate in mm. The graph with the numerical values of
the force is in Confidential Appendix E, Two Force-Displacement Curves of the Simulations.

2.6.3 DATA PROCESSING

With the 24 input parameters and 2 output parameters, 150 FE simulations were done for the three device sizes
in the model of LC1. Furthermore, With the 28 input parameters and 2 output parameters, 150 FE simulations
were done for the three device sizes in the model of LV2. This brings the total number of DoE FE simulations to
900.

From these DoE’s an MM was created for the two models. The MM was a fourth-order polynomial fit based on a
least square regression for both models. With the MM, a total of 10,000 data points were generated for the Monte
Carlo simulation for each model. From the Monte Carlo simulations, a statistical analysis was performed for both
models. The average values and variations were calculated for the output parameters for both models.
Furthermore, the distribution of the outputs was created with probability distribution functions (PDFs) and
cumulative distribution functions (CDFs) for both models. Finally, the sensitivity of the input parameters to the
output parameters was extracted from Isight based on the Monte Carlo simulation for both models. This
sensitivity is also called the probabilistic sensitivity and is calculated using a standardized least-squares first-
order polynomial fit. Before the fitting is done the input data is scaled from -1 to 1 so comparing multiple
sensitivity values can be done. The sensitivity values from the polynomial fit are normalized by dividing each
sensitivity value by the sum of all the sensitivity values (16). The input parameters are listed in Table 2-10 for
LC1 and Table 2-13 for LC2. The output parameters are the maximum peak force and the stiffness for LC1, and
the F, and the stiffness for LC2. The sensitivity analysis provided useful information about potential parameters
used in the model that have insignificant influence on the output parameters and can be removed from the
metamodel. Removing redundant parameters from the metamodel decreases the amount of FE simulations
necessary. This makes the metamodel more efficient in computational resource usage (24).
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3 RESULTS AND DISCUSSION

3.1 EXPERIMENT RESULTS

3.1.1 LCI1, LEAFLET OPENING BEHAVIOR

Figure 3-1 shows the force-displacement curve of one XPV20 sample during LC1. The graph with the numerical
values of the force is in Confidential Appendix D, Results and Discussion Graphs. In the figure, each cycle is shown
with a different color to highlight the differences between each cycle. From the figure, the first cycle has the
highest peak force. After the first cycle, the peak force becomes lower with each cycle. Furthermore, the decrease
in peak force is the most notable from the first cycle to the second cycle. This could be explained by the Mullins
softening effect present in the material [21]. The decrease in the peak force from the second cycle onwards could
be explained by plastic deformation in the material. At higher displacement values, where the Pushrod has moved
through the valve, a big jump in the reaction force can be observed. Here the measured reaction force changes
from a positive value to a negative value. This happens when the Pushrod switches from being pushed into the
valve to being pulled outside of the valve. The big jump can be explained by the friction between the Pushrod and
the valve. The force-displacement curves of every sample for LC1 highlighting the first half cycle, stiffness
calculation region, and peak force are shown in Appendix E, LC1 Force Displacement Curves of the Experiments.

Figure 3-2 shows the first half cycle during the experiment for all samples and all cycles. The graphs with the
numerical values of the force are in Confidential Appendix D, Results and Discussion Graphs. In the figure, each
sample has its color in the graphs, defined in Table 3-1. The variation in the axial position of the Leaflets in the
Conduit is visible from the variation in displacement values of the peak force. The XPV16 has the least variation
in this, as the peak force occurs between 14- and 17-mm displacement values. Regarding the XPV18, the Leaflets
are positioned closer to the ventricle side of the Conduit, as the peak force occurs between 8- and 15-mm. The
XPV20 shows the largest variation in the Leaflets' axial position in the Conduit, as here the peak force occurs
between 8- and 18-mm displacement value. The variations in the Leaflets' axial position in the Conduit can be
explained by variations in manufacturing. This variation can occur when the Leaflets are put into the mold for
the Conduit for the electrospinning machine.

Figure 3-3 shows the cumulative distribution functions (CDFs) of the peak force values and stiffness values for
all XPV sizes extracted from the force-displacement curves. The CDF plots show the probability of the peak force
or the stiffness of having a value less than or equal to a specific value on the horizontal axis. Figure 3-4 shows the
boxplots showing the medians and distributions of the peak reaction force values and the stiffness values for LC1
obtained from the experiments of all three sizes. The graphs with the numerical values of the peak force values
and stiffness values are in Confidential Appendix D, Results and Discussion Graphs. Both the CDFs and the
boxplots give information about the statistical distribution of the peak force values and the stiffness values from
the experiments. From the distributions, the mean value of the peak force increases with larger device sizes. This
indicates that larger Leaflets provide a higher resistance to being opened. The distribution of the peak force
values of the XPV18 and the XPV20 looks similar, but the XPV16 has two samples that show a smaller peak force.
This results in the XPV16 having a larger distribution in peak force values than the other two XPV sizes. Looking
at the stiffness values, the mean value of the stiffness differs slightly across device sizes. The main difference can
be observed in the distribution of the stiffness values. The XPV16 has a larger stiffness distribution than the
XPV18 and the XPV20, with stiffness values lower and higher than the stiffness values found in the XPV18 and
the XPV20. Comparing the stiffness value from the experiments with the stiffness value of the Pushrod (listed in
Table 2-9), the Pushrod is approximately 1e4 times stiffer than the stiffness values measured in the experiments,
thus the effect of the Pushrod stiffness can be neglected.
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Thus, with the help of mechanical experiments, the difference in mechanical response for the XPV16, XPV18, and
XPV20 have been quantified for the Leaflet opening behavior load case. The peak force increases when the device
size increases while the stiffness doesn’t change with device size. Furthermore, the XPV16 has the highest
variance in peak force values and stiffness values.

LC1, force-displacement curve of PR_2105P20-01-004, all cycles

Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
Cycle 6
Cycle 7
Cycle 8
Cycle 9
Cycle 10

e ————

T

|

s [mm]

Figure 3-1: LC1, force displacement curve of an XPV20 sample, showing all cycles during one experiment. F is the force
measured by the load cell in N and s is the displacement of the load cell in mm. The graph with the numerical values of the
force is in Confidential Appendix D, Results and Discussion Graphs.

48



Results and Discussion | Experiment Results

October 11, 2023

F NI

XPV16 XPV18
z
L
5 10 15 20 5 15 20 25
s [mm] s [mm]
XPV20
—e— Peak force
z
L
5 15 20
s [mm]

Figure 3-2: LC1, first half cycle of all samples of the XPV16 (top-left), XPV18 (top-right), and XPV20 (bottom) during the

experiment. The different colors correspond to the samples tested as listed in Table 3-1. In each plot, the other XPV sizes are
shown in gray for comparison. F is the force measured by the load cell in N and s is the displacement of the load cell in mm. The

graphs with the numerical values of the force are in Confidential Appendix D, Results and Discussion Graphs.

Table 3-1: Colors corresponding to which sample of each XPV size in Figure 3-2.

Color

XPV16 sample

XPV18 sample

XPV20 sample

PR_2008P16-01-028
PR_2008P16-01-030
PR_2008P16-01-035
PR_2008P16-01-041

PR_2008P16-01-045

PR_2106P18-01-002
PR_2106P18-01-005
PR_2106P18-01-006
PR_2106P18-01-013

PR_2106P18-01-014

PR_2010P20-01-007
PR_2010P20-01-008
PR_2010P20-01-010
PR_2010P20-01-017

PR_2105P20-01-004
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Figure 3-3: LC1, CDFs for peak force values (left) and stiffness values (right) for all XPV sizes of the experiments. The graphs
with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and Discussion

Graphs.
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Figure 3-4: LC1, boxplots of the peak force values (left) and stiffness values (right) of the experiments. The graphs with the
numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.

3.1.2 LCZ2, PARALLEL PLATE COMPRESSION

Figure 3-5 shows the force-displacement curve of one XPV20 sample during LC2. The graph with the numerical
values of the force is in Confidential Appendix D, Results and Discussion Graphs. In the figure, each cycle is shown
with a different color to highlight the differences between each cycle. Here the hysteresis due to viscoelasticity
is visible, as the unloading is below the loading curve (20). Furthermore, plastic deformation is also visible as at
zero reaction force, the displacement value increases with multiple cycles. Finally, the Mullins effect is visible as
the second and third cycles are both significantly lower than the first cycle (21). This is also visible when the
amount of compression increases. With increasing compression rates the difference in the first cycle and the two
cycles afterwards is more notable, as can be seen from comparing cycle 7 to cycle 8 and 9. The force-displacement
curves of every sample for LC1 highlighting the first half cycle, stiffness calculation region, and peak force are
shown in Appendix F, LC2 Force Displacement Curves of the Experiments.
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After testing a mistake was found in two tests for an XPV16 sample with serial number PP_2008P16-01-028. For
the two tests done in the two different orientations 120 degrees and 240 degrees axially rotated from the starting
position, the load cell failed to zero correctly. For this reason, these two tests are left out of further post-
processing.

Figure 3-6 shows the first half cycle during the experiment for all samples and all cycles. The graphs with the
numerical values of the force are in Confidential Appendix D, Results and Discussion Graphs. In the figure, each
sample has its color in the graphs, defined in Table 3-2. From these plots, the XPV16 has the highest reaction
force measured, while the XPV18 and the XPV20 are more similar. The XPV20 does have a larger range in the
reaction force measured than the XPV16 and the XPV18. Furthermore, the reaction force shows small variations
with the different orientations tested. Here, the reaction force trends further down for almost all samples with
multiple orientations tested per sample. This could be caused by plastic deformation accumulating with each
orientation tested.

Figure 3-7 shows the CDFs of the F, values and stiffness values for all XPV sizes extracted from the force-
displacement curves. The CDF plots show the probability of F,, or the stiffness of having a value less than or equal
to a specific value on the horizontal axis. Figure 3-8 shows the boxplots showing the medians and distributions
of the Fj, values and the stiffness values for LC2 obtained from the experiments of all three sizes. The graphs with
the numerical values of the F, values and stiffness values are in Confidential Appendix D, Results and Discussion
Graphs. Both the CDFs and the boxplots give information about the statistical distribution of the F, values and
the stiffness values from the experiments. From these plots, the XPV18 and the XPV20 have a similar mean F,
value with the XPV20, having a higher distribution for the F; values. The XPV16 has the highest mean F, value,
with a small distribution. Furthermore, the stiffness values increase as the XPV size increases. The mean stiffness
values between the XPV18 and the XPV20 differ slightly with the XPV18 having a higher mean stiffness value.
The XPV16 has the highest mean stiffness value among the three sizes. The XPV20 has the largest distribution of
stiffness values. At the higher CDF values, the curve overlaps with the XPV18 stiffness values. Thus, with this load
case the reaction force and stiffness increase with smaller XPV diameters, although this increase is smaller at
larger diameters. Comparing the stiffness value from the experiments with the stiffness value of the parallel
plates (listed in Table 2-9), the parallel is approximately 1e8 times stiffer than the stiffness values measured in
the experiments, thus the effect of the parallel plates’ stiffness can be neglected.

Finally, from the boxplots, there are some outliers showing up for the F, values and the stiffness values. For the
Fp values the XPV18 has an outlier at the upper end of the F;, value distribution. This is experiment PP_2106P18-
01-005 with the first orientation. The second and third orientations of experiment PP_2106P18-01-005 do fall in
the whisker range of the boxplots and are not outliers. This outlier is mainly caused by the narrow F, value
distribution for the XPV18. The XPV20 also has an outlier in the lower end of the Fj value distribution. This is the
experiment PP_2105P20-01-004 with the second orientation. The first and the third orientations do fall in the
whisker range of the boxplots and are not outliers. When visually comparing the PP_2105P20-01-004
experiment to the other experiments, this experiment has lower Fj values than the other experiments. When
looking at the serial number of the sample it is the only sample with a different starting number, indicating a
different production batch. This data indicates that there is a variance between different production batches of
the device. Finally, the XPV16 has an outlier in the lower end of the stiffness value distribution. This is the
experiment PP_2008P16-01-045 with the third orientation.

Thus, with the help of mechanical experiments, the difference in mechanical response for the XPV16, XPV18, and
XPV20 have been quantified for the parallel plate compression load case. The reaction force and the stiffness
increase when the XPV size decreases from size 18 to size 16. Furthermore, the difference between the XPV18
and the XPV20 is smaller for both the reaction force and the stiffness. Finally, the XPV20 has the largest variance
which could be caused by a sample from a different production batch.
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LC2, force-displacement curve of PP_2010P20-01-010_1, all cycles
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Figure 3-5: LC2, force displacement curve of an XPV20 sample, showing all cycles during one experiment. The graph with the
numerical values of the force is in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-6: LC2, first half cycle of all samples of the XPV16 (top-left), XPV18 (top-right), and XPV20 (bottom) during the

experiment. The different colors correspond to the samples tested as listed in Table 3-2. In each plot, the other XPV sizes are
shown in gray for comparison. The graphs with the numerical values of the force are in Confidential Appendix D, Results and

Discussion Graphs.

Table 3-2: Colors corresponding to which sample of each XPV size in Figure 3-6.

Color

XPV16 sample

XPV18 sample

XPV20 sample

PP_2008P16-01-028
PP_2008P16-01-030
PP_2008P16-01-035
PP_2008P16-01-041

PP_2008P16-01-045

PP_2106P18-01-002
PP_2106P18-01-005
PP_2106P18-01-006
PP_2106P18-01-013

PP_2106P18-01-014

PP_2010P20-01-007
PP_2010P20-01-008
PP_2010P20-01-010
PP_2010P20-01-017

PP_2105P20-01-004
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Figure 3-7: LC2, CDFs for Fy, values (left) and stiffness values (right) for all XPV sizes of the experiments. The graphs with the
numerical values of the Fj, values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-8: LC2, boxplots of F;, values (left) and stiffness values (right) of the experiments. The graphs with the numerical
values of the F;, values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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3.2 SIMULATION RESULTS

3.2.1 LCI1, LEAFLET OPENING BEHAVIOR

Figure 3-9 shows the boxplots showing the medians and distributions of the peak force values and the stiffness
values for LC1 obtained from the simulations of all three sizes. Figure 3-10 shows the PDFs for LC1 obtained from
the simulations of all three sizes. The PDFs show the probability of the peak force and the stiffness to take on a
specific value. Figure 3-11 shows the CDFs of the peak force values and stiffness values for LC1 obtained from
the simulations of all three sizes The graphs with the numerical values of the peak force values and stiffness
values are in Confidential Appendix D, Results and Discussion Graphs. Figure 3-12 shows the input sensitivity
analysis in the form of Pareto plots. The sensitivity analysis relates the influence of the input variance to the
output variance, and this is shown in percentages in the plots.

From the PDFs, it can be observed that the distributions are mostly symmetrical around the mean value for all
three sizes. Regarding the boxplots, they show a similar distribution for all three sizes in the case of the peak
force values. In the case of stiffness distributions, however, there is a difference. Specifically, the variance for the
XPV20 size is less than the XPV16 and XPV18. This suggests that larger XPV sizes have less variance in stiffness
for this load case.

Moving to the mean peak force values, the XPV18 has a higher mean peak force value than the XPV16 and the
XPV20. This can be explained by the sensitivity analysis outcome. For the peak force values, the XPV18 has a
higher positive sensitivity to the stiffness in the Leaflet material fiber direction. Although this material stiffness
is the same for all three XPV sizes, an increase in sensitivity means an increase in peak force values. Thus, the
mean peak force values are in line with the sensitivity analysis performed.

Regarding the mean stiffness values, the higher mean stiffness value of the XPV20 indicates that larger XPV sizes
are stiffer for this load case. Although, the mean stiffness value of the XPV16 is higher than the XPV18. This
difference can be explained by the sensitivity analysis. The Pushrod y-offset only influences the XPV16 and not
the other two XPV sizes. Furthermore, the XPV16 has a higher positive sensitivity to the stiffness in the Leaflet
material fiber direction than the XPV18 and XPV20. This combined with the higher negative sensitivity to the
Leaflet trim angle for the XPV18 causes the mean stiffness value of the XPV16 to be higher than the XPV18.

Looking into the sensitivity analysis in more detail, the Leaflet trimming parameters have the most effect on the
peak force values for all XPV sizes. Here, the Leaflet trim angle has a negative sensitivity of 17%, 23%, and 16%
for the XPV16, XPV18, and XPV20 respectively. The Leaflet trim length has a positive sensitivity of 13%, 11%,
and 12% for the XPV16, XPV18, and XPV20 respectively. The stiffness in the Leaflet material fiber direction also
has a significant effect on the peak force values, especially for the XPV18. Here the stiffness in the Leaflet material
fiber direction has a positive sensitivity of 12%, 23%, and 11% for the XPV16, XPV18, and XPV20 respectively.

Regarding the sensitivity analysis for the stiffness values, the Leaflet trim angle has the most effect on the stiffness
values for the XPV18. Here the Leaflet trim angle has a negative sensitivity of 9%, 21%, and 13% for the XPV16,
XPV18, and XPV20 respectively. The stiffness in the Leaflet material fiber direction also has a significant effect
on the stiffness values, especially for the XPV16. Here the stiffness in the Leaflet material fiber direction has a
positive sensitivity of 12%, 7%, and 6% for the XPV16, XPV18, and XPV20 respectively. Finally, the Pushrod y-
offset also has a significant effect on the stiffness values. Here, the Pushrod y-offset has a sensitivity of 10%, 7%,
and 11% for the XPV16, XPV18, and XPV20 respectively. The Pushrod y-offset sensitivity for the XPV20 is
negative, while the sensitivity for the XPV16 and XPV18 is positive.
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With the help of the distributions and sensitivity analysis, capable through the FE simulations, meta modeling,
and Monte Carlo simulations the mechanical response of the XPV16, XPV18, and XPV20 have been captured.
According to the FE simulations, the XPV18 has a larger peak force than the XPV16 and the XPV20. The difference
in peak force is smaller for the XPV16 and the XPV20. Furthermore, the XPV20 has a higher stiffness than the
XPV16 and the XPV18. The difference in stiffness is smaller for the XPV16 and the XPV20.

Finally, variables have been identified that significantly influence the reaction force and the stiffness for the
Leaflet opening behavior load case (LC1). Regarding the peak force values, the stiffness in the Leaflet material
fiber direction, the Leaflet trim angle, and the Leaflet trim length have a significant influence, all having a
sensitivity higher than 10% for all XPV sizes. Regarding the stiffness values, the stiffness in the Leaflet material
fiber direction and the Pushrod y-offset have a significant influence on the XPV16 having a sensitivity of 10% or
higher. Furthermore, the Leaflet trim angle significantly influences the stiffness values of the XPV18, having a
sensitivity higher than 20%. Finally, the Leaflet trim angle and the Pushrod y-offset significantly influence the
stiffness values of the XPV20, having a sensitivity higher than 10%.

Peak force values Stiffness values

F [N]
k [N/mm]

XPV16 XPV18 XPV20 XPV16 XPV18 XPV20
XPV size XPV size

Figure 3-9: LC1, boxplots for peak force values (left) and stiffness values (right) for all XPV sizes of the simulations. The graphs
with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and Discussion
Graphs.

56



Results and Discussion | Simulation Results

October 11, 2023

Peak force values

800 -

600

400 -

Number of samples

Number of samples

1 XPV16
1 XPv1s
1 XPv20

F [N]

Stiffness values

1000 1

800 -

600 -

400 -

200+

| Lnill|

k [N/mm]

Figure 3-10: LC1, PDFs for peak force values (left) and stiffness values (right) for all XPV sizes for the simulations. The graphs
with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and Discussion

Graphs.
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Figure 3-11: LC1, CDFs for peak force values (left) and stiffness values (right) for all XPV sizes of the simulations. The graphs
with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and Discussion

Graphs.
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Figure 3-12: LC1, input parameters sensitivity analysis for the peak force (top) and stiffness (bottom) output values of all XPV
sizes. The dashed bars mean the parameters have a negative effect on the output.
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3.2.2 LC2, PARALLEL PLATE COMPRESSION

Figure 3-13 shows the boxplots showing the medians and distributions of the F, values and the stiffness values
for LC2 obtained from the simulations of all three sizes. Figure 3-14 shows the PDFs showing the probability the
Fp and the stiffness take on a specific value for LC2 obtained from the simulations of all three sizes. Figure 3-15
shows the CDFs of the Fy values and stiffness values for LC1 obtained from the simulations of all three sizes. The
graphs with the numerical values of the F;, values and stiffness values are in Confidential Appendix D, Results and
Discussion Graphs. Figure 3-16 shows the input sensitivity analysis in the form of Pareto plots. The sensitivity
analysis relates the influence of the input variance to the output variance, and this is shown in the plots in
percentages.

From the PDFs, it can be observed that the distributions are mostly symmetrical around the mean value for all
three sizes. Regarding the boxplots, they show a similar distribution for all three sizes in the case of the F values
and stiffness values. However, the mean F,, value for the XPV20 is smaller than the mean F;, value of the other two
sizes. When looking at the sensitivity analysis, the output parameters are mostly influenced by the undamaged
anisotropy material parameters. As these parameters don’t change across the device sizes, the output values
don’t change because of this. The observed change in the mean peak force value for the XPV20 thus suggests that
the F,value decreases when the XPV diameter decreases. However, the change in mean F value from the XPV16
to the XPV18 is very small, indicating that only with larger diameters this change in F}, is notable.

Looking into the sensitivity analysis in more detail, the material parameters for undamaged anisotropy have the
most effect on the F,, values for all XPV sizes. For the F,, values, the stiffness in the Conduit material fiber direction
has a positive sensitivity of 28%, 29%, and 25% for the XPV16, XPV18, and XPV20 respectively. Furthermore, the
measure of Conduit material fiber direction along the circumferential direction has a positive sensitivity of 13%
for the XPV16 and XPV18, and 11% for the XPV20. Finally, the stiffness in the Leaflet material fiber direction has
a positive sensitivity of 10% for the XPV16 and XPV20 and 9% for the XPV18.

Regarding the sensitivity analysis for the stiffness values, the same material parameters for undamaged
anisotropy have the most effect on the stiffness values of all XPV sizes. The stiffness in the Conduit material fiber
direction has a positive sensitivity of 24%, 25%, and 21% for the XPV16, XPV18, and XPV20 respectively.
Furthermore, the measure of Conduit material fiber direction along the circumferential direction has a positive
sensitivity of 13%, 12%, and 11% for the XPV16, XPV18, and XPV20 respectively. Finally, the stiffness in the
Leaflet material fiber direction has a positive sensitivity of 7%, 12%, and 11% for the XPV16, XPV18, and XPV20
respectively.

With the help of the distributions and sensitivity analysis, capable through the FE simulations, meta modeling,
and Monte Carlo simulations the mechanical response of the XPV16, XPV18, and XPV20 have been captured.
According to the FE simulations, the XPV20 has a smaller Fj, than the XPV16 and the XPV18. The difference in F,
is smaller for the XPV16 and the XPV18. Furthermore, the stiffness is similar for the XPV16, XPV18 and XPV20.

Finally, variables have been identified that significantly influence the reaction force and the stiffness for the
parallel plate compression load case (LC2). Regarding the F;, values, the stiffness in the Conduit material fiber
direction and the measure of Conduit material fiber direction along the circumferential direction have a
significant influence, all having a sensitivity higher than 10% for all XPV sizes. Furthermore, the stiffness in the
Leaflet material fiber direction significantly influences the F, values of the XPV16 and XPV20, having a sensitivity
of 10%. Regarding the stiffness values, the stiffness in the Conduit material fiber direction and the measure of
Conduit material fiber direction along the circumferential direction have a significant influence, all having a
sensitivity higher than 10% for all XPV sizes. Furthermore, the stiffness in the Leaflet material fiber direction
significantly influences the stiffness values of the XPV18 and XPV20, having a sensitivity higher than 10%.
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Figure 3-13: LC2, boxplots for F;, values (left) and stiffness values (right) for all XPV sizes of the simulations. The graphs with
the numerical values of the Fp values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-14: LC2, PDFs for Fp values (left) and stiffness values (right) for all XPV sizes for the simulations. The graphs with the
numerical values of the Fj, values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-15: LC2, CDFs for Fy values (left) and stiffness values (right) for all XPV sizes of the simulations. The graphs with the

numerical values of the Fj, values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-16: LC2, input parameters sensitivity analysis on the F, (top) and stiffness (bottom) output values of all XPV sizes. The

dashed bars mean the parameters have a negative effect on the output.
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3.3 MODEL ASSESSMENT

3.3.1 VALIDATION METRIC

Now that both the simulations and the experiments have been performed, the capability of the FE model to
predict the outcome of the experiments will be assessed by comparing the simulation results with the experiment
results, this is also called model validation. The goal of validation is to quantify the correctness of the
computational model by comparing the output of the simulations with reality. This comparison is done by
developing a validation comparator or validation experiment, which provides comparative data for validating
the computational model. According to the ASME V&V, 40-2018 standard 'Assessing Credibility of Computational
Modeling Through Verification and Validation: Application to Medical Devices', two validation metrics are used
to establish model credibility. The first metric is the difference between the simulation and the comparator
outputs. The second metric is the uncertainty quantification in this comparison (7).

The first validation metric can be defined by looking at the performance metrics used to evaluate in vitro tests of
prosthetic heart valves. These metrics are the effective orifice area (EOA) and the amount of paravalvular
regurgitation according to the ISO 5840-1 ‘Cardiovascular implants - Cardiac valve prostheses - General
requirements’ (14). Other possible metrics for measuring valve performance include geometric orifice area
(GOA), opening velocity (0OV), slow closing velocity (CVs), rapid closing velocity (CVr), maximum von Mises stress
during systole (VMSsys), maximum von Mises stress during diastole (VMSdia), regurgitant orifice area (ROA),
coaptation surface area (CSA), maximum von Mises stress of Leaflet 1 during diastole (VMS1), maximum von
Mises stress of Leaflet 2 during diastole (VMS2) and maximum von Mises stress of Leaflet 3 during diastole
(VMS3) (27). The EOA and CSA are schematically shown in Figure 3-17.

Valve Geometric
orifice

Vena contracta

Figure 3-17: The EOA (left) is a metric describing the flow through the valve during systole. A small EOA means something is
blocking the opening of the valve. The CSA (right) is a metric describing the seal of the valve during diastole. A small CSA
means some leakage occurs (13).

Multiple studies have performed different validation strategies to validate their computational model. Often the
validation is done by comparing the simulation results with a performed in vitro test. For these comparisons,
different metrics have been used.
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Computational models of a porcine aortic prosthetic heart valve and a bovine aortic prosthetic heart valve have
been validated by comparing the simulation results to in vitro experiments from two pulse duplicators used to
evaluate prosthetic heart valves. The flow rate, upstream pressure, downward pressure, and Leaflet kinematics
were measured in the experiment. The metrics used were the mean stroke volume, maximum pressure difference
during forward flow, GOA, valve opening time, valve closing time, valve open area fluttering frequencies, and
symmetry behavior. Also, the flow patterns in the simulations and the experiments were qualitatively compared

(8).

Another study validated their model by putting the modeled valve in a pulse duplicator machine. Using the
machine, a cardiac output of 4.5 I/min was simulated. Three deformation metrics were used to quantitatively
validate the simulation results. The metrics were the distances between the center of the valve and the point of
the tip of the edges of the Leaflets, measured at six-time points in the simulation and the experiment.
Furthermore, the GOA was taken at peak systole as another comparative metric (9).

Another study validated their model by measuring the deformation of two bovine pericardium heart valves
during three quasi-static paravalvular closing pressures. The deformation was measured by tracking 60 black
dots of a diameter between 0.2 and 0.4 mm applied on each Leaflet of the valve with two borescopes. From the
measurements, the strain was calculated and compared with the simulation (10).

Another study validated their model by comparing the flow profiles of an in vitro experiment with a pulse
duplicator replicating a heart cycle. The flow profiles were measured with a 2D particle image velocimetry (PIV)
and captured at specific instants during the systolic cycle. The results of the flow profiles were used to
qualitatively compare the simulation with the experiment. Furthermore, the evolution of the velocity with
respect to time across the whole domain, the valve EOA, and the downstream velocities across the root diameters
at the aortic side were used for quantitative comparison. For the velocity metrics, the standard deviation of the
experiments was used in the assessment (11).

Although the above-described methods of validation prove that computational models can be developed to show
good agreement with the experiments, the computational models described here are not validated to predict the
outcome of an experiment. These computational simulations were done to accurately simulate the in vitro test
by using the measured output from the in vitro test as an input for the computational model. Therefore, the
computational model has been validated for one specific case and no conclusion can be drawn about the accuracy
of the computational model in other cases, such as when the in vitro test is performed slightly differently.

Computational predictive modeling is possible as proven by a study that compared the outcomes of a
computational model of TAVI performance with post-TAVI in vivo measurements. The TAV position in the
computational model was based on pre-procedural planning. Thus, simulations didn't use post-TAVI data to drive
the simulations. The in vivo measurements were done with CT and transesophageal echocardiography (TEE) of
nine patients with stenotic bicuspid aortic valves. The models were all developed with the pre-TAVI patient-
specific geometry of the patient in question. The eccentricity, expansion, and paravalvular leakage were used as
comparator metrics. The paravalvular leakage was measured over one heart cycle. The comparison with the
simulation and the in vivo measurements was done with a t-test. Results from the study showed that the
simulations were in good agreement with the CT and TEE measurements done. Thus, showing the possible
predictive capabilities of computational device modeling (12).

Thus, multiple studies have been done that compared the result of a simulation to an in vitro test or in vivo data
using a multitude of metrics. Although none have incorporated thorough uncertainty quantification analyses
where the uncertainty of the computational model and the comparator are investigated. Uncertainty
quantification can provide insight into how sensitive the computational model and the experiment are to specific
uncertainties [7].
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In this study, uncertainty quantification has been incorporated by developing a meta-model to perform a Monte
Carlo simulation. This created a distribution of computational outputs from distributions of multiple inputs.
Furthermore, experiments have been done for multiple samples per size, creating a distribution of results per
size and experiment. The CDFs of the output parameters of the simulations and the experiments were calculated.
The metric that was chosen to compare the simulation CDFs to the experiment CDFs is a metric from ASME V&V
10 ‘Standard for Verification and Validation in Computational Solid Mechanics’ called the area metric, see
Formula 3.1. The area metric is defined as the area between the simulation CDF and the experimental CDF,
normalized by the absolute mean of the experimental outputs. In the ideal case, the simulations are identical to
the experiments, the CDFs overlap, and the area metric is zero. The area metric is the probabilistic relative error
of the simulation CDF compared to the experiment CDF (28). Using the area metric, the accuracy of the model is
defined as the inverse of the area metric.
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|Zexpl

M

(3.1)

3.3.2 LC1, LEAFLET OPENING BEHAVIOR

In Figure 3-18 the boxplots of the experiments and the simulations are shown to compare the distributions.
Furthermore, the CDFs of the experiments and the simulations have been combined for the peak force values and
the stiffness values for all XPV sizes. The area between the experiments CDF and simulations CDF has been used
to calculate the area metric for all cases. The different CDFs for both the experiments and the simulations,
highlighting the area between the CDFs, and showing the value of the area metric for this load case are shown in
Figure 3-19. The graphs with the numerical values of the peak force values and stiffness values are in Confidential
Appendix D, Results and Discussion Graphs. From the area metric, the relative error was obtained to compare
the distribution of the simulation results to the distribution of the experiment results. Furthermore, the accuracy
of the FE model has been calculated by taking the inverse of the area metric, which is listed in Table 3-3. From
here, the XPV16 shows the best agreement regarding the peak force with the smallest relative error of 24.3%.
The XPV18 and XPV20 are not far from the XPV16 with a 5% and a 2.6% higher relative error for the XPV18 and
the XPV20 respectively. Regarding the relative error for the stiffness, the XPV20 has the smallest relative error
of 31.7%. The XPV16 is not far from this with a 3% higher relative error. The XPV18 has a significantly higher
relative error with an increase of 18% compared to the XPV20.

Table 3-3: LC1, peak force values, and stiffness values relative error comparing the simulations with the experiment using the
area metric parameter from Formula 3.1.

Relative error based on the area metric FE model accuracy
Device size Peak force Stiffness Peak force Stiffness
XPV16 24.3% 34.7% 75.7% 65.3%
XPV18 29.3% 49.7% 70.7% 50.3%
XPV20 26.9% 31.7% 73.1% 68.3%

The area metric gives an impression of the overall accuracy of the model, including the uncertainty quantification
that has been implemented for both the simulations and the experiments. Comparing the means of the CDFs gives
an impression on the accuracy of the model excluding parts of the distribution of the results. This gives insight
into the accuracy of the UQ and specifically, the bounds defined for the Monte Carlo simulation. This is listed in
Table 3-4. Here, the relative error is smaller for all cases and follows the same trend across the three device sizes.
The XPV16 has the best agreement regarding the peak force with a relative error of 13.4%. The increase in
relative error for the XPV18 and XPV20 is higher however, with a 9.6% and a 13.9% higher relative error for the
XPV18 and XPV20 respectively.
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Regarding the relative error for the stiffness, the XPV20 has the smallest relative error of 23.9%. Here the
increase in relative error is also larger than the increase in relative error based on the area metric. The XPV16 is
not far from this with a 3% higher relative error. The increase in relative error is 6.5% and 19.2% for the XPV16
and the XPV18 respectively.

Table 3-4: LC1, peak force values and stiffness values relative error comparing the simulations with the experiments using the
mean values of both distributions.

Relative error based on the mean values

Device size Peak force Stiffness
XPV16 13.4% 30.4%
XPV18 23.0% 43.1%
XPV20 27.3% 23.9%

The relative error based on the area metric is larger than the relative error based on the mean values. This
indicates that the distribution of the simulations is larger than the distribution of the experiments. This is also
clear from the boxplots as the boxplots from the simulations show a wider distribution than the boxplots from
the experiments. This can have two causes, either the simulations overestimate the uncertainty in the
experiments, or the experiments don’t cover the full range of XPV device variations.

If the simulations overestimate the distributions of the experiments, it is likely due to the distributions applied
to the materials. These distributions are derived from test data done with different samples. The distributions
for the geometrical parameters and the Pushrod position parameters are more likely to be in the right bounds.
This is because the distributions for the geometrical parameters are derived from pCT data from the tested
samples. Furthermore, the distributions for the Pushrod position are derived from video measurements done
after the tests. Thus, both the geometrical parameters and the Pushrod position parameters are derived from
data that have a direct link to the experiments. However, the material parameters are derived from a different
dataset, which can cause the difference in distributions seen in the boxplots. The applied distributions for the
material parameters are likely larger than the differences in material properties between the samples from the
experiments. A better estimate of the material distribution, which is calibrated to the expected material
distribution of the samples in the experiments, can reduce the relative error based on the area metric.

If the experiments don’t cover the full range of the XPV device variations, this can be caused by the samples from
the experiments being from the same production batch. From Table 3-1, the first 8 numbers for the XPV16,
XPV18,and XPV20 are the same for all samples indicating they are indeed from the same production batch, except
one XPV20 sample. This XPV20 sample from another production batch does not show significantly different
results from the other samples. However, one sample from another production batch doesn’t provide sufficient
data to rule out there are no differences between production batches. Thus, testing with samples from different
production batches should be done to investigate the variation between production batches. When more testing
is done with more product batches a better approximation of the total range of device variations can be made
which improves the comparative quality of the experiments.

Both arguments described above will improve the quality of the model and the experiment by modifying the
distribution of both. However, this doesn’t explain the difference in mean values observed for the peak force
values and the stiffness values. The relative error based on the mean values indicates a systematic difference
between the experiments and the simulations. This can be improved by a better estimation of the input
parameters that have a high sensitivity for the peak force values and the stiffness values (see Figure 3-12). Thus,
the relative error for the peak force values can be reduced by a better estimation of the stiffness in the Leaflet
material fiber direction, Leaflet trim angle, and Leaflet trim length. Furthermore, the relative error for the
stiffness values can be reduced by a better estimation of the Leaflet trim angle, the stiffness in the Leaflet material
fiber direction, and the Pushrod y-offset.
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Thus, with the area metric the accuracy of the predictive FE model simulating the mechanical responses observed
in the mechanical tests has been quantified for this load case. The predictive FE model can simulate the reaction
force response seen in LC1 for the XPV16, XPV18, and XPV20 including UQ with an accuracy of 75.7%, 70.7%,
and 73.1% respectively. Furthermore, the predictive FE model can simulate the stiffness response seen in LC1
for the XPV16, XPV18, and XPV20 including UQ with an accuracy of 65.3%, 50.3%, and 68.3% respectively.

Finally, possible future directions have been given that can improve the accuracy of the predictive FE model.
These include improving the estimation of the stiffness in the Leaflet material fiber direction, Leaflet trim angle,
Leaflet trim length, and the Pushrod y-offset, and conducting more experiments with samples from different
production batches.
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Figure 3-18: LC1, boxplots of the peak force values (left) and stiffness values (right) of the experiments and the simulations.

The graphs with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and
Discussion Graphs.
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Figure 3-19: LC1, CDFs for peak force values (left) and stiffness values (right) for all XPV sizes of the experiments and the
simulations. The value of the area metric ‘M’ is also displayed for each case. The area of the area metric is displayed in gray.
The graphs with the numerical values of the peak force values and stiffness values are in Confidential Appendix D, Results and
Discussion Graphs.
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3.3.3 LC2, PARALLEL PLATE COMPRESSION

In Figure 3-20 the boxplots of the experiments and the simulations are shown to compare the distributions.
Furthermore, the CDFs of the experiments and the simulations have been combined for the F, values and the
stiffness values for all XPV sizes. The area between the experiments CDF and simulations CDF has been used to
calculate the area metric for all cases. The different CDFs for both the experiments and the simulations,
highlighting the area between the CDFs, and showing the value of the area metric for this load case are shown in
Figure 3-21. The graphs with the numerical values of the F, values and stiffness values are in Confidential
Appendix D, Results and Discussion Graphs. From the area metric, the relative error was obtained to compare
the distribution of the simulation results to the distribution of the experiment results. Furthermore, the accuracy
of the FE model has been calculated by taking the inverse of the area metric, which is listed in Table 3-5. Overall,
the simulations are less in agreement than with LC1. Regarding the F, relative errors, the XPV18 has the best
agreement for this load case with a relative error of 51.4%. The other two sizes have a higher relative error, with
an increase of 11.3% and 8.7% for the XPV16 and the XPV20 respectively. Regarding the stiffness relative error,
the XPV20 has the best agreement for this load case with a relative error of 36.0%. The other two sizes have a
higher relative error, with an increase of 25.9% and 6.9% for the XPV16 and the XPV18 respectively. Thus, the
simulations of the XPV16 have the least agreement with the experiments based on the relative error based on
the area metric. Furthermore, the simulations for all three XPV sizes estimate the F, values and the stiffness
values lower than the experiments. The CDFs of the experiments and the simulations don’t cross for all cases.
This means that the relative error based on the area metric is the same as the relative error based on the mean
values (28).

Table 3-5: LC2, Fp, values, and stiffness values relative error comparing the simulations with the experiment using the area
metric parameter from Formula 3.1.

Relative error based on the area metric FE model accuracy
Device size Fp Stiffness Fp Stiffness
XPV16 62.7% 61.9% 37.3% 38.1%
XPV18 51.4% 42.9% 48.6% 57.1%
XPV20 60.1% 36.0% 39.9% 64.0%

Based on the relative error based on the area metric, and the distributions shown in Figure 3-20 and Figure 3-21,
there is a systematic difference between the simulations and the experiments. Looking at the input parameters
that have a high sensitivity for the F, values and the stiffness values (see Figure 3-16). Both are influenced mostly
by the stiffness in the Conduit material fiber direction and the measure of Conduit material fiber direction along
the circumferential direction for all XPV sizes. Also, the stiffness in the Leaflet material fiber direction influences
the Fp values for the XPV16 and the XPV20, and the stiffness values for the XPV18 and XPV20 Thus, the relative
error can be reduced by a better estimation of the stiffness in the Conduit material fiber direction, the measure
of Conduit material fiber direction along the circumferential direction and the stiffness in the Leaflet material
fiber direction. Likely, a better estimation of the stiffness in the Conduit material fiber direction will decrease the
relative error the most out of the three parameters discussed based on the sensitivity analysis.

Thus, with the area metric the accuracy of the predictive FE model simulating the mechanical responses observed
in the mechanical tests has been quantified for this load case. The predictive FE model can simulate the reaction
force response seen in LC2 for the XPV16, XPV18, and XPV20 including UQ with an accuracy of 37.3%, 48.6%,
and 39.9% respectively. Furthermore, the predictive FE model can simulate the stiffness response seen in LC2
for the XPV16, XPV18, and XPV20 including UQ with an accuracy of 38.1%, 57.1%, and 64.0% respectively.
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Finally, possible future directions have been given that can improve the accuracy of the predictive FE model.
These include improving the estimation of input parameters for the stiffness in the Conduit material fiber
direction, the measure of Conduit material fiber direction along the circumferential direction, and the stiffness in
the Leaflet material fiber direction. Here, a better estimation of the stiffness in the Conduit material fiber
direction will have the largest impact in improving the accuracy of the predictive FE model based on the
sensitivity analysis.
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Figure 3-20: LC1, boxplots of the F;, values (left) and stiffness values (right) of the experiments and the simulations. The graphs
with the numerical values of the Fp values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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Figure 3-21: LC2, CDFs for Fy values (left) and stiffness values (right) for all XPV sizes of the experiments and the simulations.
The value of the area metric ‘M’ is also displayed for each case. The area of the area metric is displayed in gray. The graphs
with the numerical values of the F;, values and stiffness values are in Confidential Appendix D, Results and Discussion Graphs.
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3.4 IMPLICATIONS ON THE RESEARCH QUESTIONS

3.4.1 THE MECHANICAL RESPONSE OF THE XPV16, XPV18 AND XPV20

Here the following research question will be discussed:

How does the mechanical response of the Xeltis™ pulmonary heart valve conduit sizes 16, 18, and 20 mm differ
under two IS0 5840-1 specified mechanical loading conditions??

Two load cases were designed based on ISO 5840-1 ‘Cardiovascular implants - Cardiac valve prostheses -
General requirements’ (14). LC1 was designed to replicate the opening and closing behavior of the valve. LC2
was designed as this load case is used to validate the structural integrity of the device. A load protocol has been
written and executed for LC1 and LC2. During the experiments, video measurements have been done to quantify
uncertainties. From the mechanical experiments done for LC1 and LC2, force-displacement curves have been
made for each test sample. These force-displacement curves show the variation in each load cycle and each
sample. From the force-displacement curves output parameters have been defined and extracted. These include
the peak force values and stiffness values for LC1. It also includes the Fj, values and stiffness values for LC2. These
values were used to perform a statistical analysis to quantify the difference in the mechanical response of the
XPV16, XPV18, and XPV20 under the two mechanical load cases.

Regarding LC1, the peak force increases when the device size increases while the stiffness doesn’t change with
device size. Furthermore, the XPV16 has the highest variance in peak force values and stiffness values. Regarding
LC2, F, values and stiffness values increase when the XPV size decreases from size 18 to size 16. Furthermore,
the difference between the XPV18 and the XPV20 is smaller for both F, values and stiffness values. Finally, the
XPV20 has the largest variance which could be caused by a sample from a different production batch.

3.4.2 CAPTURING THE MECHANICAL RESPONSE OF THE XPV WITH A COMPUTATIONAL FE MODEL
Here the following research question will be discussed:

To what extent can finite element analysis capture the mechanical responses of Xeltis™ pulmonary heart valve
conduits of varying sizes (16, 18, 20 mm)?

A computational FE model was developed to replicate the experiments. The FE model was created using multiple
input parameters. These include geometry parameters, material parameters, and load case specific parameters
(e.g., Pushrod position). Values of these parameters have been obtained by pCT measurements done on all
samples by 4RealSim™, measurements with a caliper, and video measurements of the experiments for the
geometry parameters and load case specific parameters. Furthermore, a parameter fitting study was done by TU-
Graz (19) based on material experiments done by Leartiker™ (17). From these measurements, a distribution of
input parameters was created to allow the propagation of uncertainties found in the experiments. Furthermore,
output parameters were defined in the simulations, which were the same output parameters of the experiments.
These include the peak force values and stiffness values for LC1. It also includes the F, values and stiffness values
for LC2. With the developed FE model, 900 FE simulations were performed of the first half cycle for each load
case, 450 FE simulations for LC1, and 450 FE simulations for LC2. The values of the input parameters were
randomly selected and would fall within previously defined distributions. Each FE simulation creates a DoE that
was used to create an MM. From all DoEs the output parameters were extracted and with the MM a total of 20,000
data points were generated for the output parameters, 10,000 data points for LC1, and 100,000 data points for
LC2. With these data points a Monte Carlo simulation was performed creating distributions of possible values for
the output parameters.
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Regarding LC1, according to the FE simulations, the XPV18 has a larger peak force than the XPV16 and the XPV20.
The difference in peak force is smaller for the XPV16 and the XPV20. Furthermore, the XPV20 has a higher
stiffness than the XPV16 and the XPV18. The difference in stiffness is smaller for the XPV16 and the XPV20. The
FE model can capture the increase in peak force from the XPV16 to the XPV18, but the XPV20 does not follow the
trend seen in the mechanical experiments for the reaction force. Furthermore, the FE model can capture the
mechanical response seen for the stiffness of the XPV16 and the XPV18, as the stiffness changes slightly from the
XPV16 to the XPV18 for both the simulations and the mechanical experiments. However, the FE model doesn’t
capture the stiffness response for the XPV20, as the stiffness increases significantly in the simulations as opposed
to only a small change in the mechanical experiments. Thus, the FE model can capture the mechanical response
of the XPV16 and XPV18 for LC1. However, for the XPV20 there are significant differences seen in the mechanical
response in the simulations compared to the experiments for LC1.

Regarding L2, according to the FE simulations, the XPV20 has a smaller Fj, than the XPV16 and the XPV18. The
difference in F;, is smaller for the XPV16 and the XPV18. The FE model can capture the F, and the stiffness for the
XPV18 to the XPV20, as for both the simulations and the experiments they don’t change a lot with a change in
device size. However, the FE model doesn’t capture the increase in F, and stiffness for the XPV16 seen in the
mechanical experiments. Thus, the FE model can capture the mechanical response of the XPV18 and XPV20 for
LC2. However, for the XPV16 there are significant differences seen in the mechanical response in the simulations
compared to the experiments for LC2.

3.4.3 THE VARIABLES WITH THE HIGHEST INFLUENCE ON THE MECHANICAL RESPONSE OF THE XPV
Here the following research question will be discussed:

What variables most significantly influence the reaction force and stiffness of the Xeltis™ pulmonary heart valve
conduit sizes 16, 18, and 20 mm according to finite element models?

A sensitivity analysis was performed to quantify the sensitivity of the input parameters on the output parameters.
variables have been identified that significantly influence the reaction force and the stiffness for both LC1 and
LC2.

Regarding the peak force values in LC1, the stiffness in the Leaflet material fiber direction, the Leaflet trim angle,
and the Leaflet trim length have a significant influence, all having a sensitivity higher than 10% for all XPV sizes.
Regarding the F;, values in LC2, the stiffness in the Conduit material fiber direction and the measure of Conduit
material fiber direction along the circumferential direction have a significant influence, all having a sensitivity
higher than 10% for all XPV sizes. Furthermore, the stiffness in the Leaflet material fiber direction significantly
influences the Fj, values of the XPV16 and XPV20, having a sensitivity of 10%. Thus, the reaction force is
influenced mostly by the fiber stiffness of the component that is subjected to the load. As in the Leaflet for LC1
and the Conduit for LC2. Furthermore, the reaction force is also influenced by the direction of the fibers. If the
fibers are in the same direction as the load, the reaction force increases. This is most notable with the Conduit as
it deforms in the circumferential direction. With the Leaflet this is less notable because it doesn’t deform in a
single material direction. For the Leaflet, the amount of material has more influence on the reaction force as can
be seen by the high sensitivity of the Leaflet trimming parameters.
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Regarding the stiffness values in LC1, the stiffness in the Leaflet material fiber direction and the Pushrod y-offset
have a significant influence on the XPV16 having a sensitivity of 10% or higher. Furthermore, the Leaflet trim
angle significantly influences the stiffness values of the XPV18, having a sensitivity higher than 20%. Finally, the
Leaflet trim angle and the Pushrod y-offset significantly influence the stiffness values of the XPV20, having a
sensitivity higher than 10%. Regarding the stiffness values in LC2, the stiffness in the Conduit material fiber
direction and the measure of Conduit material fiber direction along the circumferential direction have a
significant influence, all having a sensitivity higher than 10% for all XPV sizes. Furthermore, the stiffness in the
Leaflet material fiber direction significantly influences the stiffness values of the XPV18 and XPV20, having a
sensitivity higher than 10%. Thus, the stiffness is also influenced mostly by the fiber stiffness of the component
that is subjected to the load. As in the Leaflet for LC1 and the Conduit for LC2. For LC1, the fiber stiffness of the
Leaflet has a higher influence on the XPV16 than the XPV18 and XPV20. For the XPV18 and the XPV20, the amount
of material in the Leaflet has a higher influence as indicated by the high sensitivity of the Leaflet trimming
parameters. This indicates that for larger XPV sizes the material properties of the Leaflet have a smaller influence
and the Leaflet geometry has a higher influence on the stiffness of the Leaflet opening.

3.4.4 THE ACCURACY OF THE PREDICTIVE FINITE ELEMENT MODEL
Here the following research question will be discussed:

How accurately can a predictive finite element model simulate the mechanical responses observed in experimental
tests on Xeltis™ pulmonary heart valve conduits of varying sizes (16, 18, 20 mm)?

The distributions of output values from the simulations were compared to the distribution of output values from
the experiments for the XPV16, XPV18, and XPV20 with the area metric to quantify the accuracy of the FE model.
The predictive FE model can simulate the reaction force response seen in LC1 for the XPV16, XPV18, and XPV20
including UQ with an accuracy of 75.7%, 70.7%, and 73.1% respectively. Furthermore, the predictive FE model
can simulate the stiffness response seen in LC1 for the XPV16, XPV18, and XPV20 including UQ with an accuracy
of 65.3%, 50.3%, and 68.3% respectively. Furthermore, the predictive FE model can simulate the reaction force
response seen in LC2 for the XPV16, XPV18, and XPV20 including UQ with an accuracy of 37.3%, 48.6%, and
39.9% respectively. Furthermore, the predictive FE model can simulate the stiffness response seen in LC2 for the
XPV16, XPV18, and XPV20 including UQ with an accuracy of 38.1%, 57.1%, and 64.0% respectively.

Thus, the FE model can simulate the reaction force response observed in LC1 38.4%, 22.1 and 33.2 more
accurately than the reaction force response observed in LC2 for the XPV16, XPV18, and XPV20 respectively.
Furthermore, the FE model can simulate the stiffness response observed in LC1 27.2% more accurately than the
stiffness response observed in LC2 for the XPV16. However, the FE model can simulate the stiffness response
observed in LC2 at 6.8% and 4.3% more accurately than the stiffness response observed in LC1 for the XPV18
and XPV20 respectively.
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3.4.5 THE DIFFERENCE IN MECHANICAL RESPONSE BASED ON EXPERIMENTS AND A FINITE ELEMENT

MODEL
With the answers to the above questions the main research question can be answered, which is:

What is the difference in the mechanical response of the Xeltis™ pulmonary heart valve conduit size 16, 18, and 20
mm based on mechanical experiments and a predictive finite element model?

With two mechanical experiments replicating in-vivo physiological loading standardized in ISO 5840-1
‘Cardiovascular implants - Cardiac valve prostheses - General requirements’ (14) and a predictive FE model
using UQ the difference in the mechanical response of the XPV16, XPV18, and XPV20 have been quantified by
using the reaction force and the stiffness as comparative parameters. Furthermore, important variables in the
experiment have been identified using the FE model and the accuracy of the FE model has been quantified.

Regarding LC1, the reaction force increases when the device size increases while the stiffness doesn’t change
with device size. The FE model can capture the mechanical response of the XPV16 and XPV18 for LC1. However,
for the XPV20 there are significant differences seen in the mechanical response in the simulations compared to
the experiments for LC1. As for the accuracy of the predictive FE model, the predictive FE model can simulate the
mechanical response of the stiffness with an accuracy of at least 70.7% for the reaction force and at least 50.3%
for the stiffness. Here, the FE model of the XPV16 has the highest accuracy for the reaction force response, while
the XPV20 has the highest accuracy for the stiffness response.

Regarding LC2, the reaction force and stiffness increase when the XPV size decreases from size 18 to size 16.
Furthermore, the difference between the XPV18 and the XPV20 is smaller for both the reaction force and the
stiffness. The FE model can capture the mechanical response of the XPV18 and XPV20 for LC2. However, for the
XPV16 there are significant differences seen in the mechanical response in the simulations compared to the
experiments for LC2. As for the accuracy of the predictive FE model, the predictive FE model can simulate the
mechanical response of the stiffness with an accuracy of at least 37.3% for the reaction force and at least 38.1%
for the stiffness. Here, the FE model of the XPV18 has the highest accuracy for the reaction force response, while
the XPV20 has the highest accuracy for the stiffness response.

As for the important variables influencing the mechanical response, the reaction force is influenced mostly by
the fiber stiffness of the component that is subjected to the load. As in the Leaflet for LC1 and the Conduit for LC2.
Furthermore, the reaction force is also influenced by the direction of the fibers. If the fibers are in the same
direction as the load, the reaction force increases. This is most notable with the Conduit as it deforms in the
circumferential direction in LC2. With the Leaflet this is less notable because it doesn’t deform in a single material
direction for LC1. For the Leaflet, the amount of material has more influence on the reaction force as can be seen
by the high sensitivity of the Leaflet trimming parameters. As for the stiffness, it is influenced mostly by the fiber
stiffness of the component that is subjected to the load. As in the Leaflet for LC1 and the Conduit for LC2. For LC1,
the fiber stiffness of the Leaflet has a higher influence on the XPV16 than the XPV18 and XPV20. For the XPV18
and the XPV20, the amount of material in the Leaflet has a higher influence as indicated by the high sensitivity of
the Leaflet trimming parameters. This indicates that for larger XPV sizes the material properties of the Leaflet
have a smaller influence and the Leaflet geometry has a higher influence on the stiffness of the Leaflet opening.
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The FE model can simulate the reaction force response observed in LC1 38.4%, 22.1%, and 33.2% more
accurately than the reaction force response observed in LC2 for the XPV16, XPV18, and XPV20 respectively.
Furthermore, the FE model can simulate the stiffness response observed in LC1 27.2% more accurately than the
stiffness response observed in LC2 for the XPV16. However, the FE model can simulate the stiffness response
observed in LC2 at 6.8% and 4.3% more accurately than the stiffness response observed in LC1 for the XPV18
and XPV20 respectively.
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3.5 LIMITATIONS AND FUTURE DIRECTIONS

The FE model was created using symmetrical geometry to improve simulation run time. This might have a
negative effect on the accuracy of the FE model. Specifically, the anisotropy in the material model introduces
some asymmetrical properties. Although the effect of using a symmetrical model has been checked in one case,
the full effect of using asymmetrical models has not been investigated. Furthermore, not all parameters that are
defined for the geometry and the material model were used for the UQ and sensitivity analysis. Multiple
parameters were left out because they were expected to have a low sensitivity for the load cases considered or
were expected to not deviate from their mean values based on engineering judgment. Nevertheless, these
parameters should be re-evaluated in future simulations and experiments.

The experiments were done with wet samples in a dry environment. No fluid dynamics were considered in the
FE model, thus the effect of the samples being wet has not been investigated. Furthermore, the material model
was calibrated with material tests done in a saline wet environment at a temperature of 37 °C (17). These
environmental conditions were not replicated for these tests to simplify the test setup. The effect of this
simplification on the agreement of the simulations to the experiments is unknown.

For each load case, future directions have been given that can improve the accuracy of the predictive FE model.
Regarding the simulations, a better estimate of some input parameters could improve the accuracy of the
predictive FE model. For LC1, these include a better estimation of the Leaflet trim angle, Leaflet trim length, the
stiffness in the Leaflet material fiber direction, and the Pushrod y-offset. For LC2, these include a better
estimation of the stiffness in the Conduit material fiber direction, the measure of Conduit material fiber direction
along the circumferential direction, and the stiffness in the Leaflet material fiber direction. Regarding the
experiments, samples from different production batches could improve the approximation of the total range of
device variations, which improves the comparative quality of the experiments.

The experiments were done in vitro without being submerged in a fluid corresponding to human blood. A
possible future direction would be to improve the accuracy of the in vitro experiment by using a fluid in
combination with a load case simulating the in vivo hemodynamic conditions standardized in ISO 5840-1
‘Cardiovascular implants — Cardiac valve prostheses - General requirements’ (14). Furthermore, when fluid
dynamics have been applied to the experiments the simulations need to consider fluid dynamics as well. In this
case a fluid-structure interaction (FSI) model provides the most accurate results for simulating the fluid
dynamics of blood and the mechanics of the XPV device (29).

Another possible future direction would be to create a patient-specific computational model with the XPV device.
This patient-specific model could be used to simulate and predict the in vivo hemodynamic conditions of a
specific patient with the XPV device. This personalized simulation approach could be used to virtually plan the
surgical procedure of the XPV device. Furthermore, designs of the XPV could be tested in a patient-specific
environment to find the optimal XPV design for the patient (12). Finally, with a patient-specific FE model, the
long-term lifetime of the XPV device can be investigated when the ETR process is incorporated into the
computational model.

Regarding the MM and the Monte Carlo simulations performed using advanced data-driven techniques based on
machine learning can improve simulation run time while providing accurate results is a possible next step for
accurate patient-specific simulations providing predictive capabilities (30).
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4 CONCLUSION

The goal of the study was to investigate the difference in the mechanical response of the XPV16, XPV18, and
XPV20 using mechanical experiments and a predictive finite element model. With two mechanical experiments
replicating in-vivo physiological loading standardized in ISO 5840-1 ‘Cardiovascular implants — Cardiac valve
prostheses - General requirements’ (14) and a predictive FE model using UQ the difference in the mechanical
response of the XPV16, XPV18, and XPV20 have been quantified by using the reaction force and the stiffness as
comparative parameters. Furthermore, important variables in the experiment have been identified using the FE
model and the accuracy of the FE model has been quantified.

Regarding LC1, the reaction force increases when the device size increases while the stiffness doesn’t change
with device size. The FE model can capture the mechanical response of the XPV16 and XPV18 for LC1. However,
for the XPV20 there are significant differences seen in the mechanical response in the simulations compared to
the experiments for LC1. As for the accuracy of the predictive FE model, the predictive FE model can simulate the
mechanical response of the stiffness with an accuracy of at least 70.7% for the reaction force and at least 50.3%
for the stiffness.

Regarding LC2, the reaction force and stiffness increase when the XPV size decreases from size 18 to size 16.
Furthermore, the difference between the XPV18 and the XPV20 is smaller for both the reaction force and the
stiffness. The FE model can capture the mechanical response of the XPV18 and XPV20 for LC2. However, for the
XPV16 there are significant differences seen in the mechanical response in the simulations compared to the
experiments for LC2. As for the accuracy of the predictive FE model, the predictive FE model can simulate the
mechanical response of the stiffness with an accuracy of at least 37.3% for the reaction force and at least 38.1%
for the stiffness.

As for the important variables influencing the mechanical response, the reaction force and the stiffness are
influenced mostly by the fiber stiffness of the component that is subjected to the load. As in the Leaflet for LC1
and the Conduit for LC2. Furthermore, the reaction force and stiffness are also influenced by the direction of the
fibers. If the fibers are in the same direction as the load, the reaction force and stiffness increase. Although
specifically for the Leaflet the amount of material has more influence on the reaction force and stiffness for larger
XPV sizes for LC1. This indicates that for larger XPV sizes the material properties of the Leaflet have a smaller
influence and the Leaflet geometry has a higher influence on the stiffness of the Leaflet opening.

The FE model can simulate the reaction force response observed in LC1 at least 22.1% more accurately than the
reaction force response in LC2. Furthermore, the FE model can simulate the stiffness response observed in LC1
27.2% more accurately than the stiffness response observed in LC2 for the XPV16. However, for the other two
sizes, the FE model of LC2 is at least 4.3% more accurate in simulating the stiffness response.

Improvements are possible for a better agreement between the simulation and the experiment. These include
performing more experiments with different samples from different production batches, and better estimation
of input parameters with a high sensitivity to the output parameters. Furthermore, in vitro experiments
replicating in vivo, hemodynamic conditions could be a future step towards a computational FE model that can
be used for the development of new XPV designs. Predictive patient-specific FE modeling can push that one step
further. With predictive patient-specific FE modeling the surgical procedure of the XPV device could be planned
virtually for a specific patient.

Finally, this study shows the benefit of predictive computational FE models and provides a step in the direction
of predictive computational modeling that will help shorten the development time of new pulmonary heart valve
devices. As the devices in this study are designed for pediatrics, this will help improve the quality of life of
pediatrics suffering from congenital heart disease.
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APPENDIX B, LC1 MISALIGNMENT MEASUREMENTS

All the tests have been recorded by two cameras, to capture the test in two perpendicular perspectives. By
measuring the misalignment from these two recordings for each test a misalignment in three dimensions could
be calculated. The measurement software used was Tracker (15), an open-source video analysis program. This
program has been used to define vectors and points in the video as can be seen in Figure B 1. With this
information, the radial misalignment, together with the angular misalignment was calculated. The misalignment
directions and angles are visualized in Figure B 1.
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Figure B 1: Misalignment directions and measurements from two perspectives (left) and misalighment measurements in the
Tracker software right.
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The measured values were converted to values that correspond to misalignment values as defined in the
computational model as shown in Figure 2-25, these values are listed in Table B 1. The misalignment value for
all samples is below 2 mm radial misalignment and 1.5 degrees angular misalignment. These were the limits
implemented in the DoE simulations. Thus, the misalignment values are between the computational model
bounds. The Monte Carlo implemented the mean and STD from Table B 1 for the three sizes, which is an
interpolation of the DoE. This ensured a good distribution for the misalignment values used in the model.

Table B 1: Misalignment values to be put in the model. Directions are defined from the coordinate system shown in Figure 2 22.

model input
XPV16 cam 1 perspective cam 2 perspective

pushrod offset pushrod angle pushrod offset pushrod angle |pushrod total
sample X [mm] y [deg] y [mm] x [deg] offset [mm]
PR-2008P16-01-041 1.42 0.34 0.80 0.26 1.63
PR-2008P16-01-030 -0.15 0.21 0.22 0.26 0.27
PR-2008P16-01-035 -0.80 0.48 0.22 0.12 0.82
PR-2008P16-01-045 -0.48 0.19 -0.37 0.07 0.61
mean -3.86E-04 0.30 0.22 0.18 0.83
STD 0.99 0.13 0.48 0.10 0.58
XPV18 cam 1 perspective cam 2 perspective

pushrod offset pushrod angle pushrod offset pushrod angle |pushrod total
sample X [mm] y [deg] y [mm] x [deg] offset [mm]
PR-2106P18-01-006 -0.07 0.00 0.66 0.02 0.67
PR-2106P18-01-002 -0.60 0.18 -0.47 0.43 0.76
PR-2106P18-01-005 -0.44 0.34 -0.64 0.21 0.78
PR-2106P18-01-013 -0.57 0.38 -0.28 0.28 0.63
PR-2106P18-01-014 1.20 0.00 0.02 0.28 1.20
mean -0.10 0.23 -0.34 0.30 0.85
STD 0.87 0.17 0.28 0.09 0.25
XPV20 cam 1 perspective cam 2 perspective

pushrod offset pushrod angle pushrod offset pushrod angle |pushrod total
sample X [mm] y [deg] y [mm] x [deg] offset [mm]
PR-2010P20-01-017 -0.29 0.06 1.35 0.05 1.38
PR-2010P20-01-007 1.02 0.12 1.27 0.18 1.63
PR-2010P20-01-008 -0.17 0.05 -0.46 0.19 0.49
PR-2010P20-01-010 0.92 0.01 1.76 0.08 1.99
PR-2105P20-01-004 0.56 0.31 -0.31 0.09 0.64
mean 0.58 0.12 0.57 0.14 1.19
STD 0.54 0.13 1.12 0.06 0.74
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APPENDIX C, XPV FE MODEL PRESSURE LOAD CASE TEST

This load case was done to test the XPV FE model’s capability to simulate a cardiac pressure cycle where the valve
opens and closes. Pressures were derived from pressure data for an average adult during normotensive activity
extracted from ISO 5840-1 ‘Cardiovascular implants - Cardiac valve prostheses - General requirements’ (14).
The pressure cycle was implemented with two pressure curves, one pressure curve on the right ventricle side of
the device and one on the pulmonary artery side. The pressure curves were created by scaling a normalized heart
cycle curve, extracted from ISO 5840-1 ‘Cardiovascular implants - Cardiac valve prostheses - General
requirements’ (14) to a maximum pulmonary artery pressure of 25 mmHg. The pressure curves are shown in
Figure C 1. The mean artery pressure (MAP) of the pressure cycle was compared to a MAP for an in-vitro pulsatile
flow test recommended by ISO 5840-1 ‘Cardiovascular implants - Cardiac valve prostheses - General
requirements’ (14) for pediatrics heart valves. Here it stated that a MAP of 20 mmHg should be considered for a
pulsatile flow test. Because younger patients have a lower cardiac output (31), it was decided that the MAP of the
adult pressure cycle should not be higher than a MAP of 20 mmHg to be considered a realistic normalized load
case for the FE model.

Pressure data, during a normalized heart cycle

Pulmonary artery pressure [mmHg] Right ventricular pressure [mmHg]
Leaflets Open = = = Leaflets Closed

30.0000
25.0000

20.0000

15.0000

10.0000

Pressure (mmHg)

5.0000

0.0000
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (s)

Figure C 1: Pressure data of the pulmonary artery and the right ventricle during a single normalized heart cycle. The leaflets
open and leaflets closed time points correspond to the max and min peak pressure difference, modified from (14).

STEP-2 PRE-LOAD

After the first step, which is described in 2.4.2, the second step was simulated. The second step was a pre-load
step of 0.1 seconds where the pressure was increased to the starting pressure of the heart cycle with a smooth
step amplitude of 10.8 mmHg. The pressure was uniformly distributed across the surfaces on both sides of the
XPV, this is shown in Figure C 2. The BCs, constraints, and contact definitions described in 2.4.2 were used in this
model. With a modification of the contact definitions. Here the contact was considered frictionless. Furthermore,
mass scaling was applied such that the stable time increment was 1e-6 throughout the simulations. This was
checked every 1000 increments. Finally, a viscous pressure of 1e-6 MPa was applied to the outside surface of the
Conduit and outside surfaces of the Leaflets (see Figure C 3) to improve the numerical stability of the simulation.
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p = 10.8 mmHg

Figure C 2: Pre-load pressure BC the ventricle side of the XPV in orange and the pulmonary artery side in blue.

p = 1e-6 MPa
Figure C 3: Viscous pressure added to the outside surface of the Leaflets and the outside surface of the Conduit.

STEP-3 LEAFLET OPENING AND CLOSING

In this step, the heart cycle shown in Figure C 1 was applied to the model. The heart cycle was defined with two
pressure cycles, one pressure cycle on the pulmonary side and one cycle on the ventricle side as shown in Figure
C 4 for a duration of one second. Besides the heart cycle pressures applied to the model and time settings,
definitions for the solver, BCs, constraints, and contact are identical to the previous step.

Right ventricle pressure curve Pulmonary artery pressure curve

Figure C 4: Pressures applied for the opening and closing of the valve. The pressure curves are shown in Figure C 1
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SIMULATION RESULTS

Figure C 5 shows the opening and closing of the valve during the cardiac cycle of all three XPV sizes. Here, the
valve can be seen opening symmetrically and closing properly. Thus, the XPV FE model simulates the opening
and closing behavior of the valve when assessing the simulation results qualitatively for all three XPV sizes.

XPV20
Figure C 5: Leaflets opening (left) and leaflets closing (right) for the XPV16 (top), XPV18 (middle), and XPV20 (bottom).
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APPENDIX D, MATERIAL PARAMETERS DESCRIPTION

FORMULAS

Here the formulas used in the material model are listed. The highlighted parameters are the input parameters to
the material model. All the other parameters are the internal parameters used in the material model. The internal
parameters used in the material model are further described in Table D 1 and the input parameters are described
in Table D 2. These formulas and their parameters are from (18, 19)

UNDAMAGED HYPERELASTIC RESPONSE

The undamaged hyperelastic response was described with the isochoric free energy density function (Formula
D.1) and the volumetric free energy density function (Formula D.2). Parameters used in these functions are
further specified in Formulas D.3 to D.9.

0,00 _ u 1 74 1 74 .
Viso = Zk={||,¢}7k{(yk—+1) [((Rud"e* = 1] + 55 [(R_1x) %%t — 1]} (D.1)
o0 1
ool =7 =12 (D.2)
—_60-2v) (D.3)
(i+pL)(1+v)
Ky, = Hi:C (D.4)
I?—lk = Hk: C_l (DS)
J = detF (D.6)
3 (D.7)
H, = Z Hyr E Q Ey,
k=1
1 (D.8)
H =-(I-H)
H33 =1—Hyq — Hp (D.9)
MULLINS EFFECT

The Mullins effect was described with the isochoric free energy density function (Formula D.10). The new
parameter used in this function is further specified in Formula D.11.

,00 (4 0,00 _ W . 0,00 .
lpirgo (lpiso 'l/)in;gx) - [nmo + (1 - nmo) (Xa 2 Xa +1)] iso (D 10)
_ Yo (D.11)
X = ymax
PERMANENT SET

Here the residual stress was implemented with a Clausius-Duhem inequality. The reduced dissipation function
is specified in Formula D.12.

1 T'+1 Nc C &~ = D.lz
Dred_r = Nro%r [_ + - Zk:yl Sﬁwx : chyc, Xar(l - X)C dT] lp{?gx =0 ( )

ar+2 2PN k
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VISCOELASTICITY

The viscoelasticity was implemented with a Clausius-Duhem inequality as well. The reduced dissipation function
is specified in Formula D.13. Parameters used in this function are further specified in Formulas D.14. The material
model uses a maximum of three viscous Maxwell elements to simulate viscoelasticity. It should be noted that y,
is not the stiffness of the spring in a Maxwell element but follows the proportional relation in Formula D.15. The
larger p, the smaller the viscous stress contribution.

1 &0 oo
Drea v = _ka:SO' =0 (D.13)
(28 [ (2t _ (At _ D.14
Qilni1 =€ (ZT"> e (ZT">Qk|n —So® | +e (ka)SO'w|n+1 ( )
‘u;c « ground stiffness xground stiffness (D.15)

stiffness of the kth Maxwell element

SOLVER SPECIFIC

Finally, with the material model the stable time increment used in the Abaqus Explicit solver is calculated with
the Formulas D.16 to D.19.

At ~ Lmin (D.16)
Cd
Ao+21, (D.17)
Cq = /—
p
1
Mo =5 (uy + 1) (D.18)
I (D.19)
D 3ug

89



COMPUTATIONAL PREDICTIVE MODELING OF A NOVEL PULMONARY VALVED CONDUIT | Rick van Tunen

Table D 1: Material model parameters description

Parameters describing material Description
property

Undamaged hyperelastic response

iso

0,00 Isochoric free energy density function describing the undamaged

hyperelastic response

36010 Volumetric free energy density function describing the undamaged
hyperelastic response
D Inverse of the bulk modulus
Ji Local volume scale factor
Ky and K_q Isochoric invariants
C Isochoric right Cauchy-Green tensor
F The deformation gradient
v Poisson ratio
H, Coaxial structure tensor
H, Perpendicular structure tensor
E; Orthogonal eigenvectors basis
I Identity tensor
Hj Measure of fiber orientation along the radial direction

Mullins effect

max
iso
m,
iso

X

Maximally attained undamaged isochoric free energy density
Isochoric free energy density function including the Mullins effect
Ratio between the undamaged isochoric free energy density function
and the maximally attained undamaged isochoric free energy density

Permanent set

Dyeq r Reduced dissipation according to the Clausius-Duhem inequality for
the residual stress

Spax Undamaged isochoric stress state at the instance of maximum attained
undamaged isochoric free energy density {jre ™

Neye Number of loading and unloading cycles

Teyek Time interval for each cycle

Viscoelasticity

Dreq v Reduced dissipation according to the Clausius-Duhem inequality for
the viscoelasticity

Qi Auxiliary non-equilibrium stress tensor

g0, The 2nd Piola-Kirchhoff stress tensor

Qilnss Approximation of Q, at timepoint t,,,; with numerical integration

Qxln Approximation of Q, at timepoint t,, with numerical integration

SO, The 2nd Piola-Kirchhoff stress tensor at timepoint ¢,

il The 2nd Piola-Kirchhoff stress tensor at timepoint ¢,,,;

At The time increment t,,,; — t,

Solver specific

Lmin The characteristic size of the smallest element in the mesh
Caq The wave speed

o Lame’s first constant

Ao Lame’s second constant
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Table D 2: Input parameters for the material model

October 11, 2023

User defined parameters for undamaged
hyperelastic response

Parameter names in the
code

Description

H11

H22

Uy

Yk

v

Mat XP034 PR0O1 all, Mat
XP005 PRO1 a11
Mat XP034 PR0O2 a22, Mat
XP005 PR0O2 a22

Mat XP034 PR0O3 mp, Mat
XP034 PR06 mn, Mat XP005
PR0O3 mp, Mat XP005 PRO6
mn

Mat XP034 PR0O4 gp, Mat
XP034 PR0O7 gn, Mat XP005
PR04 gp, Mat XP0O5 PRO7

gn

Mat XP034 PRO5 dp, Mat
XP034 PR0O8 dn, Mat XP005
PRO5 dp, Mat XP034 PRO8
dn

Mat XP034 Poisson Ratio,
Mat XP0O5 Poisson Ratio

Measure of fiber orientation
along the axial direction
Measure of fiber orientation
along the circumferential
direction

Fiber stiffness along the
fiber direction (k =) or
perpendicular to the fiber
direction (k =1)

Shape parameter associated
with a line element along
the fiber direction (k =II) or
perpendicular to the fiber
direction (k =1)

Shape parameter associated
with an area element along
the fiber direction (k =II) or
perpendicular to the fiber
direction (k =1)

Poisson ratio

User defined parameters for Mullins effect

Nmo

Om

Mat XP034 PR10 etaOm, Mat
XP005 PR10 etaOm
Mat XP034 PR11 alphm, Mat
XP005 PR11 alphm

Maximum stiffness loss due
to the Mullins effect
Stiffness loss evolution due
to the Mullins effect during
unloading and reloading

Permanent set

Nro Mat XP034 PR12 etaOr, Mat ~ Maximum residual stress
XP005 PR12 etaOr contribution

a, Mat XP034 PR13 alphr, Mat  Residual stress evolution
XP005 PR13 alphr during unloading and

reloading

Viscoelasticity

H;{‘l Mat XP034 PR15 mvis1, Mat Stiffness-like parameter of
XP034 PR15 mvis2, Mat the Maxwell element
XP034 PR15 mvis3, Mat
XP005 PR15 mvis1, Mat
XP005 PR15 mvis2, Mat
XP0O05 PR15 mvis3

Tk Mat XP034 PR14 tvis2, Mat Relaxation time

XP034 PR14 tvis2, Mat
XP034 PR14 tvis3, Mat
XP005 PR14 tvis1, Mat
XP005 PR14 tvis2, Mat
XP0O05 PR14 tvis3

Solver specific

p

Mat XP034 Density, Mat
XP0O5 Density

Density
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APPENDIX E, LC1 FORCE DISPLACEMENT CURVES OF THE EXPERIMENTS
PR_2008P16-01-028 PR_2008P16-01-030

F [N]
F [N]

5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]
PR _2008P16-01-035 PR _2008P16-01-041
= z
5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]
PR _2008P16-01-045 PR 2106P18-01-002

FIN]
FIN]

s [mm] s [mm]
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PR_2106P18-01-005 PR_2106P18-01-006

= =
[N [N
5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]
PR _2106P18-01-013 PR _2106P18-01-014
= =
[N L
5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]
PR_2010P20-01-007 PR_2010P20-01-008

FIN]
FIN]

5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]
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F [N]

PR_2010P20-01-010 PR_2010P20-01-017

F[N]

5 10 15 20 25 30 5 10 15 20 25 30
s [mm] s [mm]

PR_2105P20-01-004

FIN]

All cycles
Peak force
First half cycle ‘
Stiffness calculation 5 10

15 20 25 30
s [mm]

[ 1]
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APPENDIX F, LC2 FORCE DISPLACEMENT CURVES OF THE EXPERIMENTS

October 11, 2023

F [N]

F [N]

PP_2008P16-01-028_1

4 6 8
s [mm]

PP_2008P16-01-030 2

10

4 6 8
s [mm]

PP_2008P16-01-035 1

10

10

F [N]

F [N]

PP_2008P16-01-030 1

4 6 8 10
S [mm]

PP_2008P16-01-030 3

s [mm]

PP_2008P16-01-035 2
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F[N]

F [N]

F[N]

PP_2008P16-01-035_3

s [mm]

PP_2008P16-01-041 2

F[N]

F [N]

F[N]

PP_2008P16-01-041 1

s [mm]

PP_2008P16-01-041 3

s [mm]

PP_2008P16-01-045 2
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F[N]

F [N]

F[N]

PP_2008P16-01-045 3

s [mm]

PP 2106P18-01-002 2

s [mm]

PP _2106P18-01-005 1

PP_2106P18-01-002_1

F[N]

F [N]

F[N]

8 10
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F[N]

F [N]

F[N]

PP_2106P18-01-005_3

s [mm]

PP 2106P18-01-013_1

F[N]

F [N]

F[N]

PP_2106P18-01-006_1

s [mm]

PP_2106P18-01-006_3

4 6 8 10
s [mm]

PP_2106P18-01-013 2
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PP_2106P18-01-013_3
=
z
0 3 4 6 8 10
s [mm]
PP_2010P20-01-007_1
z
0 2 4 6 8 10 12
s [mm]

PP 2106P18-01-014 1

z
0 4 6 8 10
s [mm]
PP 2106P18-01-014 3
z
z
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F[N]

F [N]

F[N]

PP_2010P20-01-007_3

s [mm]

PP_2010P20-01-008_2

F[N]

F [N]

F[N]

PP_2010P20-01-008_1

4 6 8 10 12
s [mm]

PP_2010P20-01-008_3

4 6 8 10 12
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PP_2010P20-01-010 3

F[N]

F [N]

s [mm]

PP _2105P20-01-004 1

F[N]

F[N]

F [N]

F[N]

PP_2010P20-01-017_1

4 6 8 10 12
s [mm]

PP 2010P20-01-017_3

s [mm]

PP_2105P20-01-004 2
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PP_2105P20-01-004 3

F[N]

—— All cycles

—— First half cycle

= F o 2 4 6 8 10 12
—— Stiffness calculation s [mm]
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