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The aim of the study was to evaluate fatigue strength of the supporting frame of the developed heart valve prosthesis designed for
“valve-in-valve” reoperation of the incompetent prosthetic valve using finite element method.

Materials and Methods. We evaluated fatigue strength of the supporting frames of experimental heart valve prosthesis, developed in
the Research Institute for Complex Issues of Cardiovascular Diseases (Kemerovo), intended for redo-implantation. The study was carried
out in two successive stages: modeling of supporting frame implantation for each valve dimension and assessment of fatigue strength. The
pressure applied to the inner frame side in the region of commissural posts was used as a load.

Results. During the implantation phase, a significant increase of mechanical stresses in the corners of the cells with the formation
of elastic-plastic hinges was identified. Analysis of fatigue strength of the frame showed a minor level of alternating stress in a loading—
unloading cycle: maximal values of 17.2 MPa were observed during hypertensive pressure for 19 mm size. Goodman factor and its
distribution on the diagram allowed us to characterize the presence and location of the most critical points of the supporting frames.

Maximal values of this parameter ranged from 0.46 to 0.72.

Conclusion. The results demonstrated that the tested design of the supporting frame of the experimental heart valve prosthesis

provides fatigue life not less than 10° cycles.

Key words: finite element method; minimally invasive prosthesis; computer modeling; sutureless implantation; fatigue strength.

Surgical prosthetic repair is a major treatment tactics
of acquired heart valvular disease. Biological prostheses
are most commonly use in the world practice [1, 2],
however, according to the international Global Valve-in-
Valve Registry, the majority of implanted bioprostheses
fail in about 9 years [3, 4]. Development of the secondary
dysfunction requires repeated intervention with the
significantly increased risk of mortality and complications
[5, 6] due to the larger volume of the operative trauma,
i.e. removal of the previous prosthesis. Reduction of
the risks may be achieved using a “valve-in-valve”
technology by placing a stent-like device without
explantation of a failing prosthesis. In this relation,
designing a new construction of heart valve prosthesis
for the “valve-in-valve” procedure with a sutureless
fixation is a vital task of modern cardiosurgery.

Fatigue strength of heart valve prostheses is one of
the key characteristics determining safety and efficacy
of their application [7]. Strength loss, development of
ruptures and fatigue cracks under cyclic loading can
result in device failure, complications (thrombosis, blood
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vessel damage, restenosis) or decrease of functional
characteristics of the prosthesis [8—10]. According to the
Russian standards, prosthesis cycle durability is required
to be not less than 5 years of functioning, i.e. 200 million
loading—unloading cycles, whereas FDA requirements
to the assessment of frame fatigue are much stricter —
600 million cycles [11]. Goodman diagram is widely used
for evaluation of fatigue strength in designing medical
devices based on plastic materials. This approach
based on physical and mechanical (uniaxial tension) and
fatigue (S-N curve) material characteristics describes
both components of durability, i.e. mean and alternating
stresses within one loading operating cycle.

The aim of the investigation was to evaluate fatigue
strength of the supporting frame of the developed heart
valve prosthesis designed for “valve-in-valve” redo-
operation of the incompetent prosthetic valve using finite
element method.

Materials and Methods

The object of investigation. Fatigue strength of
the supporting frames of the experimental heart valve
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Figure 1. The developed heart valve
prosthesis:

(a) a fabricated prototype (jointly with
MeKo GmbH, Germany; NeoCor, Russia;
Research Institute of Complex Issues
of Cardiovascular Diseases, Russia);
(b) “valve-in-valve” balloon implantation
procedure (arrows); (c) placed in
the supporting frame of the YuniLine
bioprosthesis (NeoCor, Russia) using
“valve-in-valve” technique

prosthesis being developed in the Research
Institute for Complex Issues of Cardiovascular
Diseases (Kemerovo), intended for redo-
implantation (Patent RU 156774 of 19.01.2016),
was assessed in this work (Figure 1 (a)). “Valve-
in-valve” implantation is performed into the
supporting frame of the failing valve prosthesis
using sutureless fixation provided by the balloon
technology. This technique, based on the stent-
like prosthesis behavior, allows cardiosurgeons
to leave the failed prosthesis, reducing thereby
intervention time and volume.

Models for a full range of prostheses typical
sizes from 19 to 33 (a total of 8 models) were
studied. A supporting frame of the given prosthesis
represents a construction of a cylindrical form,
the walls of which have a cellular structure of
open and closed type. The supporting frame is
fabricated by laser cutting of a tube with a specified
thickness and diameter from AISI 316L medical
grade stainless steel (Figures 1, 2). A mechanical
material properties were described by an elastic-
plastic model with isotropic hardening. Strength
and fatigue characteristics of the material are
given in the Table [12].

Finite element analysis. Investigations were
carried out in the engineering analysis medium
SIMULIA Abaqus (USA). Initial CAD models of
the supporting frames were imported to the pre/
post processor Abaqus/CAE and approximated by
3D eight-node finite elements with full integration
(C3D8R). An overall dimension of the finite
element model was 48,576 elements with average
linear sizes of 0.125x0.125%0.125 mm.

Under working conditions, a heart valve
prosthesis is subjected to two main types of
action: by a balloon during implantation procedure
(Figure 1 (b)) and loads in the implanted state
(Figure 1 (c)) due to a blood flow action in
the diastole-systole cycle. In the former case
of action, the supporting frame is imparted a
working, implanted, geometry, changing its initial
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Figure 2. Objects of investigation:
(a) 3D model of the supporting frame; (b) finite element grid;
(c) a scheme of frame preloading; (d) a scheme of pressure loading

AISI 316L material properties

Parameters Value Measurement (units)
Modulus of elasticity E 210-109 N/m?
Poisson’s ratio 1 0.3 —
Density p 7.95:10° kg/m®
Limit of elasticity o 315:10° N/m?
Ultimate strength oy;s 580-10° N/m?
Fatigue limit o, * 115.108 N/m?

* According to the literature data [13], the described fatigue limit
obtained by constructing S-N curves of uniaxial cyclic loading of
a series of tested specimens from AISI 316L stainless steel alloy
corresponds to a load of 10° cycles.
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diameter (15 mm) to the final one (19-33 mm) using
balloon technology. In the course of this procedure,
accumulation of plastic deformation and fixation of
the working geometry take place. As a result of the
implantation procedure, the supporting frame has a
non-zero strain-deformed state connected with the work
of the construction in the elastic-plastic zone, which
significantly influences the subsequent assessment of
the fatigue strength [14, 15]. The effect of a cyclic load
occurs under the pressure of the blood flow on the
supporting frame and on the leaflet apparatus, it cannot
cause an essential elevation of the average pressure,
but its influence is significant on conversion to a large
quantity of cycles (200 million). As the supporting frame
during its life cycle is subjected to the two types of action,
implantation and cyclic load, the study was performed in
two consecutive stages. The first stage was implantation
modeling. It consisted of two steps:

expansion of the tested model by a balloon, having a
cylindrical surface from 2,200 elements of SFM3D4 type,
to a specified external diameter;

application of the reverse load to the balloon for the
evaluation of the recoil-effect of the construction and
formation of the final stress-strained condition of the
system.

The second stage was the assessment of fatigue
strength, loading the models with a blood flow
equivalent. The pressure applied to the inner frame
wall in the region of commissural posts was used as
a load. Fatigue strength was tested under normal
and hypertensive pressure at 70 beats per min. The
character of pressure application corresponded to the
pressure for aortic (for 19-25 mm prostheses) and for

mitral (27-33 mm prostheses) positions: in case of
normotensive pressure, the pressure equivalent was
equal to 80 and 120 mm Hg; in case of hypertensive
pressure it was 110 and 180 mm Hg. Taking in the
consideration the specificity of implantation of the tested
object (into the frame of the incompetent prosthesis), all
radial movements outwards from the central axis were
limited, i.e. a repeating cycle of regular loading with a
coefficient of skewness R=0 was used.

Analyzed parameters. At the first stage of the
investigation, von Mises equivalent stresses, being a
typical characteristic for plastic materials, were used.
Additionally, radial movements at maximal frame opening
and after load removal were evaluated for calculation of
the relative values of construction return under the action
of the elastic strain component, i.e. resilient recoil.

Fatigue strength was assessed using Goodman
diagram recommended by FDA for the analysis of this
kind [13—-15]. This method realizes the concept of infinite
fatigue life (IFL). The following characteristics of a working
cycle are registered: mean stress g, and alternating
stress within one cycle o,. To build a diagram, data on
ultimate strength oy;s and fatigue limit g, are required:

0,/0yt0.,/0yrs=1.

Goodman factor was calculated and its distribution
over the finite element device model was defined to be
able to assess the most critical construction elements in
terms of the fatigue strength.

Results

Implantation. During implantation of the supporting
frame, a significant growth of mechanical stress was

identified in the corners of the cells

o Mises, MPa

+4,198e+02
+3.848e+02
+3.49%e+02
+3.149e+02
+2.800e+02
+2.450e+02
+2.101e+02
+1.751e+02
+1.402e+02
+1.052e+02
+7.028e+01
+3.532e+01
+3.705e-01

with the formation of elastic-plastic
hinges. Maximal strain values
were fixed for the construction of
the largest dimension of 33 mm,
the minimal values were fixed for
19 mm size (419.8 and 307.3 MPa,
respectively). It should be noted
that the most loaded nodes were
located in the inflow zone of the
prosthesis (Figure 3).

Recoil-effect observed after
removing the load from the
supporting frame was insignificant
for both large and small
construction diameters, and ranged
from 4.2 to 4.48%.

Assessment of fatigue strength.
The analysis of the supporting
frame  fatigue strength  has
demonstrated insignificant values

Figure 3. Diagrams of von Mises equivalent stresses:

(a) diagrams for the smallest diameter (19 mm); (b) diagrams for the largest diameter
(33 mm); (c) stress distribution in the output frame zone; (d) in the inflow frame zone
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of alternating stress, the parameter
determined by pressure modeling
in the loading—unloading cycle (g,).
The maximal value of 17.2 MPa
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g, MPa
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Figure 4. Diagrams of alternating stress distribution o, (a), and mean cycle stress g, (b)
for the smallest dimension of the supporting frame (19 mm)

for this parameter was observed
at a hypertensive pressure for
19 mm dimensions (Figure 4 (a)), the
minimal value of o, was 6.3 MPa. The
parameter characterizing a total stress
generating due to implantation and
the effect of alternating load, i.e. mean
cycle stress, was equal to 314.6-
425.0 MPa (Figure 4 (b)).

Goodman factor and its distribution
on the diagrams enabled us to
characterize the presence and location
of the most critical points of the
supporting frames. Maximal values of
this parameter were within the range
from 0.46 to 0.72. The diagrams
demonstrated the location of the nodes
with a high factor value in the zones

Goodman
factor

+7.261e-01
+6.656e-01
+6.052e-01
+5.447e-01
+4.843e-01
+4.238e-01
+3.634e-01
+3.02%¢-01
+2.424¢-01
+1.820e-01
+1.215e-01
+6.109e-02
+6.394e-04

of joints and bends of the construction
(Figure 5).

Discussion

Implantation. The analysis of
construction behavior in the process
of implantation has demonstrated a significant increase
of stresses in the element nodes (to 419.8 MPa) with
a transition to the zone of plastic deformation, i.e. with
a great excess of elasticity limit (330 MPa). However,
this effect is anticipated, since the described stress
growth higher the elasticity limit allows the balloon-
expanded constructions to preserve and maintain their
geometry after load removal, i.e. balloon action. On
the other hand, the obtained von Mises stress values
of 419.8 MPa (for 33 mm) in the most critical case
did not exceed the ultimate strength of the material
0,rs=670 MPa, i.e. they did not cause irreversible
damages and cracks or microcracks development. On
the basis of the described results, the process of radial
frame expansion by a balloon during implantation may
be supposed to be safe for the construction. At the
same time, the recoil-effect typical for all balloon
expandable stent-like constructions [16, 17], amounting
in the process of work up to 4.48% of the final diameter,
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Figure 5. Distribution of Goodman factor in the nodes of finite element model
(for 33 mm dimension), the most critical nodes in terms of fatigue strength
are shown by arrows

may introduce some changes in the selection of frame
dimensions for implantation.

The qualitative analysis of von Mises stress
distribution on the diagrams in the tested supporting
frames has shown its nonuniformity: the least loaded
nodes are located in the output frame zone. Such zone
distribution is anticipated as the cells in the output part
of the frame have longer bars and fewer junction nodes
(See Figure 1 (a)).

Assessment of fatigue strength. The analysis of
alternating stress in the loading—unloading cycle
0, as well as mean stress in the supporting frame
0, showed that these parameters were significantly
lower than fatigue limit 0,=278 MPa and material
ultimate strength o,;s=670 MPa, i.e.they did not cause
damages in the construction during 10° cycles. This
conclusion is also confirmed by Goodman diagram:
the analysis of fatigue strength for various modes has
demonstrated inability of the constructions to exceed
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Figure 6. Goodman diagram for cases of cyclic load:
(a) the least critical node (19 mm, normal pressure); (b) the most critical node (33 mm,

arterial hypertension)

the border of IFL area, including the conditions of
modeling arterial hypertension. It means that all nodes
of the supporting frame are in the zone of IFL (below
the line, Figure 6) and are capable of withstanding a
load of 10° cycles.

The qualitative analysis of Goodman diagrams
showed that the stress in the construction corners is
distributed nonuniformly depending on the dimensions.
Thus, the nodes on the diagram for the smallest
dimension (19 mm) are situated more compactly along
the X-axis, that is, they have greater uniformity by the
mean cycle stress parameter o,,. At the same time, the
nodes are located widely along the Y-axis, that is that
the alternating stress o, exerts greater effect on the
constructions of small diameters. Inverse relation is
observed for large dimensions (Figure 6 (b)).

Thus, the contribution of the parameter tested in
the first stage (frame implantation) to the stressedly-
deformed state is greater for large dimensions, as it
essentially increases the mean cycle stress o,. The
contribution of the cyclic load itself is greater in case of
small frames, as it increases the alternating stress o,.
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The presence of Goodman factor with high values
(up to 0.72) in the elements of the construction nodes
indicates to a significant nonuniformity of stress
distribution in the supporting frame, i.e. to the presence
of critical nodes. However, this factor does not exceed
1.00, the border of the IFL. Despite the safety of these
elements in terms of fatigue strength, design correction
and decrease of the maximal value of this factor for the
construction can additionally make the application of the
prosthesis safer.

Conclusion. The results of the investigation based
on Goodman diagrams have demonstrated that the
developed stent-like design of the prosthesis supporting
frame, intended for “valve-in-valve” redo-replacement of
the incompetent prosthesis, provides fatigue life of not
less than 10° cycles. The frame geometry combining
open and closed cells allows irregular load distribution
depending on the functional designation of the zones.
The described method of the fatigue strength analysis
can be applied for calculation of the reliability of heart
valve prosthesis constructions based on the stent
frames.
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