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The developed multiscale model of blood chamber of POLVAD (Polish ventricular assist device) was introduced. The tension test
for polymer and digital image correlation (DIC) were performed for verification of the strains and displacements obtained in the numeri-
cal model of POLVAD EXT. The numerical simulations were carried out in conditions given in the experiment to compare the results
obtained on external surfaces of blood chamber of the POLVAD_EXT. The examined polymer applied in the POLVAD:s is sensitive to
changes of temperature and this observation is considered in all prepared numerical models. The comparison of experimental and nu-
merical results shows acceptable coincidence. There are some heterogeneous distributions of strains in experiment with respect to analy-
sis of computed parameters. The comparison of two versions of blood chambers (POLVAD and POLVAD_EXT) in numerical analysis
shows that POLVAD EXT construction is better with respect to analysis of strain and stress. The maximum values of computed pa-
rameters are located in the regions between connectors on the internal surfaces of blood chambers of POLVAD.
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1. Introduction

In the “Polish Artificial Heart Programme 2007—
20117 [13] efforts are made towards development of
such a pump of Polish ventricular assist device
(POLVAD) that is low energy consuming and does
not cause red blood cell trauma, as well as such a con-
struction of POLVAD that is durable, biocompatible
and allows monitoring. The walls of the proposed
design of POLVAD are made of polymer and are sup-
posed to be covered with a titanium nitride (TiN) nano-
coating to improve the haemocompatibility [1] and
properties of the surface of the medical device.

Similar constructions of pneumatic and polymeric
ventricular assist devices are [4]: Abiomed AB5000

(USA), Thoratec PVAD (USA), Berlin Heart EXCOR
(Germany) and Medos HIA-VAD (Germany). The
above-mentioned VADs are not coated and the Polish
proposition of VAD is closest to the construction of
Medos. Published works dedicated to the VAD issue
are focused on a numerical research. However, they
lead only to a blood flow characteristics in macro- [2]
and in microscales [12], [14]. Summarizing, there are
no physical and numerical models of such an exact
multilayer construction of POLVAD EXT in the world
literature, because the presented construction of VAD
is Polish proposal. Thus, the authors based their work
on the state of art and on literature of Polish authors.
The first step in Polish mechanical circulatory sup-
port was made by Professor Religa in 1993, who im-
planted the POLVAD. The second version of POLVAD
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was developed in the Programme — POLVAD EXT
and is shown in figure 1. The construction presented
is 157 mm in length, 56 mm in width and 51 mm
in height. The basic hydrodynamic parameters of
POLVAD EXT are [3]: average flow 2—5 dm’/min,
ventricular stroke volume 80-90 cm’, typical loading
pressure in outlet connector 90-160 mmHg, loading
pressure in inlet connector 15 mmHg and pressure rise
less than 4700 mmHg/s. The POLVADs are used to
keep patients alive with a good quality of life while
they wait for a heart transplantation which is known
as a “bridge to transplantation”. However, they are
sometimes used as destination therapy and sometimes
as a bridge to recovery.

1
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Fig. 1. CAD model of the POLVAD EXT:
1 — blood chamber, 2 — inlet valve, 3 — inlet connector,
4 — pneumatic chamber, 5 — outlet valve, 6 — outlet connector

Thus, the developed construction of POLVAD EXT
needs optimization with respect to parameters of ge-
ometry, material models of polymer and deposited
coating. The authors proposed a numerical model of
POLVAD [8] composed of macro- and micromodel.
This approach allows multiscale analysis of stress and
strain states for different versions of POLVADs [9]
and investigation [10] of parameters for their con-
struction.

The goal of the present paper is to develop a multi-
scale model of blood chamber of POLVAD EXT

a POLVAD-ROT

temperature stabilizing
system

POLVAD-EXT

working under blood pressure at different tempera-
tures and to verify distributions of strain and dis-
placement computed on external surfaces of blood
chamber by comparison with the distributions of
strain and displacement measured and calculated in
digital image correlation (DIC).

The second goal of the present work is to show the
difference between stress and strain computed on inter-
nal and external surfaces of the blood chamber of
POLVAD and POLVAD EXT. The experiment applied
to validate the strain and displacement is limited to the
external surface of the blood chamber. Therefore, it is
justified to show the difference between results reached
on these two surfaces in two versions of VADs.

2. Materials and methods

The multiscale model of POLVAD EXT needs
experimental verification. Therefore, two experiments
were performed in the Foundation of Cardiac Surgery
Development in Zabrze, Poland:

e Tension test — determination of material proper-
ties of polymer for the POLVAD_ EXT,

e DIC [11] — determination of deformation of ex-
ternal surface of the POLVAD EXT.

The first experiment was static uniaxial tension
test carried out for 12 specimens of polymer Chrono-
Flex C 55D at two temperatures (21 °C and 38 °C)
and stretched with velocity of 10 mm/min. Dimensions
of specimens were: thickness 4.09 £ 0.04 mm, width
6.11 = 0.07 mm and length 35 mm. The specimens
were prepared by injection method and tested on MTS
Criterion Single machine equipped with force sensor
of 5 kN. The data registered was developed in MTS
TestWorks™ software. Tests and calculations were
performed according to ISO 527-2 and ASTM D 638
standards.

Q-400: cameras

DIC PC and
electronic system

P = (-75) mmHq

Fig. 2. Scheme of the DIC experiment
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Fig. 3. Blood chamber of the POLVAD_EXT registered by
one of the cameras in the DIC experiment

The second experiment was based on the idea of
digital image correlation [11] used in analysis of the
fields of deformation and displacement of material
during loading. The following components were used
in the experiment: the head Q-400 of Dantec Dynam-
ics GmbH (Ulm, Germany) composed of two cameras
CCD (1/1.8", 1624 x 1234 pixels) in stereoscopic
system, light sources (LED) and ISTRA 4D software
installed on laptop. The POLVAD EXT examined
was connected to drains with water bath heating the
water. The constant flow of water (0.1 dm’/min) was
provided by the use of a centrifugal pump. The pressure
was registered in the blood chamber of POLVAD EXT.
A scheme of the experiment proposed is shown in
figure 2. The POLVAD EXT was loaded in steps of
pressure: 80, 120, 180, 220, 280 mmHg, and in steps
of underpressure: —25, —45, —75 mmHg. The sub-
sequent images were taken after stabilization of pres-
sure on a set level and the example of image taken by
one of the cameras is presented in figure 3. The meas-
urements were performed at two temperatures (25 °C
and 37 °C).

3. Twoscale numerical model

A twoscale model was considered: a macromodel
of blood chamber of the POLVAD_ EXT and a micro-
model of a TiN nanocoating deposited on a polymer.
The problem in a microscale was solved for a repre-
sentative volume element (RVE). The parameters of
the model, corresponding to the macroscale are the mac-
roparameters and will be denoted by a superscript M,
for example, macrostress —c". On the contrary, the
parameters corresponding to the RVE in a microscale
are the microparameters and will be denoted by a su-

perscript m, for example, microstress —o™ . All aver-
age values of symbols referring to the RVE will be

denoted by an upper bar, for example, a mean micro-

stress —o . In the twoscale model, the macrostress

aév and macrostrain g;” tensors corresponding to

a certain point X in the macromodel can be evalu-
ated directly by the average volume of a microstress

ai;f’ and a microstrain g;’ over RVE.

3.1. Macroscale

The macroscale boundary problem is formulated for
the theory of a nonlinear elasticity and the distribution

of displacements U. The approach proposed describes

deformation of the chamber of POLVAD EXT under
blood pressure if:

e stresses are related to strains by nonlinear equa-
tions (according to the nonlinear theory of elasticity),

e strain disappears in unloading conditions.

The nonlinearity in an elastic deformation process
of blood chamber is a result of:

¢ nonlinear mechanical properties of a polyure-
thane,

e deposition and growth processes of the nano-
coatings which cause the residual stress.

The problem of the blood chamber deformation in
macroscale is considered as a 3D solution. Thus, the
defined boundary problem of the theory of nonlinear
elasticity is composed of the groups of equations de-
scribed in [6], [7]. In the nonlinear zone of deforma-

tion, the effective stress o is a function of deforma-

tion giM and temperature ¢. The effective Young’s

modulus is used instead of Young’s modulus in each
iteration.

The problems of convergence in a non-linear task
in macroscale are solved in the present work by an
iterative method. The effective Young’s modulus £
is calculated in the next iteration & + 1 by the follow-
ing formula:

(k1) oM &)
Mk+1) _ Y
Eeff - gju(k) (1)
i
where:
EeA,{f(k”) — the effective Young’s modulus in the

next iteration,

aiM ® and giM (®) _ effective stress and effective

strain in current iteration,

k —number of iterations.

The error of the effective Young’s modulus o is
calculated by applying the formula:
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EM(K) _ pM (kD)

5= Eé‘/}{(ke)ﬁ (2)
where:
E:flf(k) — the effective Young’s modulus in the
previous iteration,
E f;»(k "D _ a value calculated by using equation (1).

The relation & (g}, ¢) is determined in tensile

tests.

The components of stiffness matrix [K] and com-
plete load vector {F} are written in the following
forms:

(K!1= [ (B (DY 1[BlaV 3)
V(:'
FM == NV {p"3ds, @
Sé’
where:
S — contact surface,
{p"t — pressure inside blood chamber of
POLVAD EXT,

[B] — matrix containing derivatives of shape func-
tions,

[D™] — matrix containing the appropriate material
properties (EY, v'),

[N] — matrix of shape functions of a finite element,

V — volume,

V., — volume of current finite element e,

S, — contact surface between current element and
blood chamber of POLVAD EXT.

Fig. 4. Boundary conditions in a macromodel of the
POLVAD_ EXT and orientation of a coordinate system
(red — pressure, green — fixed surface, blue — free surface)

The tetrahedron element with a five-point scheme
of integration is used in the macromodel of

POLVAD_EXT. The boundary conditions applied in
the macromodel of POLVAD EXT are in accordance
with settings in DIC experiment (figure 4) and are as
follows:

e a distribution of blood pressure p"* = p = 37 kPa
on the inner surface of the blood chamber,

o fixed surfaces in the outer upper part of the
blood chamber (no displacement in Z direction),

e not fixed surfaces in the outer part of the blood
chamber (no loading).

3.2. Microscale

The analysis of strain distributions on inner sur-
face of the blood chamber in the macroscale FEM
model is used to determine areas with the biggest ten-
dency to failure. The FE elements with the maximum
values of a strain and stress located between two con-
nectors on the inner surface of blood chamber are
automatically selected by the authors’ FE program
and investigated in the microscale model. The strain
reached during loading in macromodel is introduced
into FEM micromodel as input data. The proposed
microscale model of a wall of the POLVAD EXT is
described below.

The representative volume element is composed of
a polymer and a TiN nanocoating. The parameters of
an elastic-plastic material model of TiN were identi-
fied in the authors’ earlier work [5]. Thus, a nonline-
arity of mechanical properties between TiN coating
and polymer exists. Considering such phenomena as
elastic as well as an elastic-plastic deformation and
unloading process, the boundary problem in the mi-
croscale is solved by the FEM micromodel. Assuming
the elastic-plastic or nonlinear elastic material model
is justified, the initial stress {op,.; in TiN nano-
coating is taken into account in the FEM formulation.
The relation between stresses and strains is written
using the matrix (vector) definition:

{o"}=[D" "} — {00} ®)
where:
{og.s} — residual stresses,

{o™} and {&™} - stress and strain tensors in

a vector format.

The variational principle of the nonlinear elastic
and elastic-plastic theory leads to the following func-
tional form for a finite element e in the RVE:

W= [ U BY MBI Y

V.

e
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- [ BY (5o ydv

v,

e

- [ INY {p" s ©)
N

e

where:
{U™} — vector of displacement in nodes of ele-
ments,

Gos — experimental value of residual stress in

current finite element e. The value of &, in TiN

nanocoating is based on results obtained in work [5].
The effective Young’s modulus (equation (1)) is

used instead of Young’s modulus in an elastic zone

for linearization of the functional (equation (6)) for
a nonlinear problem:

m

O
mo_ i . 7

1

The stiffness matrix [K] (equation (3)) and load
vector {F} are written according to the forms:

(K= [ (B [D"[BlaV ®)

v,

e

— T
(Fy =—=[wmy B (@ ydy [ IN] {p"}dS. (9)
v, s
The residual stress in TiN nanocoating must be
evaluated before the simulation of loading (figure 5).
After implementation of &, . the simulations of

loading and unloading stages in a microscale are pos-
sible. In the present work, the experimental residual
stress is interpreted as a mean stress and is localized in
the TiN nanocoating.

experimentally measured
residual stress

v
‘_‘Pu
T

Mechanical properties of TiN and PU measured
experimentally and by using inverse method

stress and strain states
in RVE before loading

Fig. 5. Scheme of residual stress modelling

The representative volume element (RVE) is an
intermediate scale between the micro- and macro-
scales. The following boundary conditions can be
imposed on the surface of RVE:

¢ Kinematic boundary conditions:

m M
U =¢; x, (10)
o Static boundary conditions:
noj = nioﬁl. (11)

The average stress inside the RVE is equal to O';l.

e Periodic boundary conditions: a displacement
component is imposed perpendicularly to the side of
the RVE, but parallel to the side and they are let free.

The periodic boundary conditions (PBC) are used in
the parallel direction of the surface of blood chamber
and the static boundary conditions are applied in the
direction of the blood pressure. Considering the TiN
nanocoating, the following modification of the PBC is
proposed. The deformation tensor is taken from the
macroscale in modelling the boundary conditions of the
RVE (figure 6). The direction of normal to the surface
of RVE for TiN nanocoating corresponds to the direc-
tion of a hydrostatic pressure p (blood pressure p™).
Therefore, shear stresses and strains are not present on
this surface and stress p is one of the principal stresses
of the stress tensor. Thus, the solution in a main coor-
dinate system is found. The principal strains can be
used as boundary conditions. Each side of the RVE is
a symmetry plane with these boundary conditions,
because the shear stresses and strains are zero. The
2'/, boundary problem is considered and 4-node finite

elements are used. The strain gé” (second principal

strain of strain tensor) is introduced into the micro-
scale as a constant. Therefore, the 3D boundary prob-
lem of the RVE deformation is transformed to the 2D

plane strain problem with the current value of &)’ .

The principal strain & and pressure p* = p™ = p are
also used in the model of the RVE.

principal strain  §
pressure gy t

stress and strain
+—

states in RVE after
loading

principal
strain

and pressure

principal strains T

/1‘\ ‘E RVE

Hoe —pp ——p

Fig. 6. Scheme of active loading modelling
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4. Results and discussion

4.1. Material model of polymer

The first step of numerical analysis was dedicated
to identification of parameters in a material model of
a polymer based on the tension test data. The material
model selected for the polymer is as follows:

(12)

o = Ae™ exp(n,&)exp(—n,t)

where:

A, ny, np and n; — parameters,

t — temperature,

& — strain,

o — stress.

The parameters of material model of the polymer
are shown in table 1. The raw tension test data and
results of approximation are presented in figure 7. The
results of tension test obtained for ChronoFlex C 55D
at 21 °C and 37 °C show that strain changes twice at
these two temperatures. Stain 0.05 corresponds to stress
2.1 MPa and 4.4 MPa. Thus, it is necessary to consider
changes of temperature of the material of the blood
chamber wall in all numerical models. Based on the
identified material model of polymer the approximation
was made for the results of the tension test data ob-
tained at 25 °C (figure 7). The material model of poly-
mer at 25 °C will be introduced into macromodel of the
blood chamber of POLVAD EXT as input data.

Table 1. Parameters identified
in material model of polymer

Parameters Value
y 104.54 MPa
" 0.75
. 337
n 0.04
o 87 :
o L | =—t=21C, experiment
% T H| === t=21 C, approximation PSSy
6 H TR geuimet =
g . o125 C. model .
» 1 P
3 Pt "
2 1 Aa l/
7
14 Y
0 &
0 0,05 0.1

Strain

Fig. 7. Stress-strain curves for the ChronoFlex C 55D

4.2. FEM model and DIC experiment

The next step was to apply the boundary condi-
tions in a macromodel of the blood chamber as they
were in the DIC experiment. A FEM mesh of blood
chamber with boundary conditions and an orientation
of a coordinate system are shown in figure 4. Then,
the simulations were performed for blood chamber of
the POLVAD EXT made of ChronoFlex C 55D
under a pressure of 37 kPa and at a temperature of
25 °C. The results of numerical tests obtained on the
external surface of FEM macromodel were compared
with the DIC results (figures 8—11). Two regions are
distinguished on the surface of blood chamber con-
sidering distribution of displacement in X direction
(figure 8): the region which is closer to the point
where two connectors are mounted, and the region
which is closer to the point of the VAD’s pneumatic
control. The big difference of displacement in X di-
rection for these two regions (two maxima) is visible
on the external surfaces of blood chamber in experi-
ment and in simulation. Therefore, a comparison of
the distribution of displacement in X direction (figure 8)
shows acceptable qualitative coincidence between
experimental and numerical results. The observed
quantitative coincidence is worse, which means that
the value of difference between displacements in
X direction for the two regions distinguished is not
exactly the same in simulation and in experiment.

View legend: function

1219683960

1141795654

11063907343
1986.019104
1908.130798

1830242554

- F674.466003

b)

Fig. 8. Displacement U.,:
(a) experiment, mm, (b) FEM simulation, pm
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Fig. 9. Displacement U,
(a) experiment, mm, (b) FEM simulation, pm
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Fig. 10. Distribution of strain &,
(a) experiment, mm/m, (b) FEM simulation

A comparison of the distributions of displacements
computed in Y direction (figure 9) gives acceptable
qualitative and quantitative coincidence between
experimental and numerical results. The maxima of
displacements on external surface of blood chamber
of POLVAD EXT are 1.2 mm in experiment and
1.154 mm in simulation in Z direction. These values

fooosiso
foooaeas
foooozss
jooosse?r
poorars
porazs

b)

Fig. 11. Distribution of strain &,
(a) experiment, mm/m, (b) FEM simulation

are located on the external surface at the central point
of the blood chamber.

After this analysis, the strains obtained on external
surface of the FEM macromodel and in the DIC ex-
periment were compared (figures 10 and 11). It should
be noted that strains are more reliable than displace-
ments, which may be disturbed by movements of the
blood chamber difficult to be completely eliminated
during the experiment. A comparison of experimental
and numerical data for distributions of strains in X and
Y directions indicates a good quantitative coincidence
between results, but the qualitative comparison gives
a little worse coincidence which is caused by some
irregularities in distributions of experimental data.
The maximum of strain (0.01) is observed for the
POLVAD EXT on the external surface in the DIC
experiment at the central point of the blood chamber.
The same result (strain 0.01) is computed for the FEM
macromodel at the central point of the blood chamber.

4.3. External and internal surfaces
of POLVAD and POLVAD EXT

The acceptable difference between experiment and
numerical simulation was a basis for comparative
analysis of both versions of blood chambers
(POLVAD and POLVAD_EXT) in numerical simu-
lation. The DIC experiment allows limited verifica-
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tion, because only the data obtained on external sur-
face of the blood chamber can be analyzed. Thus,
a comparison of results computed in the macromodel
on external and internal surfaces of the two versions
of blood chambers (POLVAD and POLVAD EXT;
made of a ChronoFlex C 55D and under a pressure of
37 kPa and at 25 °C) was made. Distributions of ef-
fective strains and stresses on external and internal
surfaces of the blood chamber of POLVAD are shown
in figures 12 and 13, and those of the POLVAD EXT
are shown in figures 14 and 15. The comparison of
results computed in external and internal surfaces of
the blood chambers of POLVAD and POLVAD EXT
shows that the values of effective strains and stresses
on external surface are smaller than those on internal
surface. This observation is in accordance with pre-
dictions, because the loadings are set to the internal
surfaces. The maximum value of strain (0.027) is
computed in internal surface of the blood chamber of
POLVAD in the FE elements between two connectors.
The strains and stresses are much smaller in a con-
struction of the POLVAD_ EXT than in the POLVAD
and their distributions are more homogeneous. There-
fore, the POLVAD EXT is considered a better con-
struction. The maximum values of stresses and strain
are computed in the two blood chambers in a region
between two connectors. This is the region in which
a fracture of the blood chamber material may occur.

0.000020
0.005324
0010629
0.015933
021237
0026541

0.037150

)
N

e 1

0.000020
0.005324
0.010629
0.015933
0.021237
0.026541

0.037150

(=3
~

Fig. 12. Distribution of effective strain on external (a)
and internal (b) surfaces of the POLVAD

View legend: function Sti

760.710022

1090.965698

1421.221436

. 175147173

2081.732910

2411988770

3072500000

a

View legend: function St
[760.710022

1090.965698

[1421.221436
. [1751.477173
l2081.732910

b)

2411.988770

3072.500000

Fig. 13. Distribution of effective stress on external (a)
and internal (b) surfaces of the POLVAD

View legend: function Sti

0.000070
0.004039
0.008007

. 0011976

0.015944

0.019913

0.027850

a)

View legend: function St

00.000070
- 0.004039
[0.008007
i 0.011976
0.015944
—
)

0019913

00.027850

b

Fig. 14. Distribution of effective strain on external (a)
and internal (b) surfaces of the POLVAD_ EXT
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View legend: function 8

760.710022

1016.941467

1273.172974

1529.404419

1785635864

2041.867310

2554330078

—
a)

View legend: function 8

760.710022

1016.941467
1273172974
1529.404419
1785635864
2041.867310

2554.330078

)

b

Fig. 15. Distribution of effective stress on external (a)
and internal (b) surfaces of the POLVAD EXT

5. Conclusions

e Polymer applied in the POLVADs is sensitive to
changes of temperature and this observation should be
considered in numerical models.

e A comparison of experimental and numerical
strains and displacements obtained on external sur-
faces of the blood chamber in loaded POLVAD EXT
shows acceptable coincidence. The developed FEM
macromodel of POLVAD EXT and computer pro-
gram allow simulation and optimization of different
constructions of VADs in a macro- and a microscale.

e A comparison of two surfaces (external and
internal) in two versions of blood chambers
(POLVAD and POLVAD_ EXT) in numerical analy-
sis shows that the POLVAD EXT construction is
better with respect to the character of distributions
of strain and stress, as well as their smaller values.
The maximum values of computed parameters are
located in the region between the connectors. The
internal surfaces of the blood chambers have bigger

values of strain and stress due to setting the loading
directly on them.
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