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Figure 5. Distribution field of von Mises equivalent stresses of the artery affected by atherosclerosis. The
maximum stresses occur in the region of calcium deposition

4. Modeling of the angioplasty balloon behavior

The angioplasty procedure is a minimally invasive surgical intervention aimed at restoring the
lumen of narrowed arteries affected by atherosclerosis. Through a small puncture, a balloon (balloon
catheter) is inserted to the site of narrowing, which, upon inflation, expands the vessel. In some cases,
this is sufficient to restore blood flow, but often, to maintain the result, a stent is placed in the zone of
narrowing.

High-pressure balloon catheters are key medical devices used in angioplasty to eliminate stenoses
of the coronary arteries. The device is a thin-walled polymer shell (nylon, PET, polyurethane) designed
to operate under internal overpressure. One of the key design features is the need to minimize the
transverse profile of the catheter for its unobstructed delivery to the stenosis zone. This is achieved by
forming a folded configuration of the shell: at the first stage the blank is given a “trefoil”-type cross
section, after which the petals are tightly pleated around the central axis.

The mechanics of deployment of such a predeformed structure are characterized by extreme
deformations and significant geometric nonlinearity [Sadeghi, Le, 2021; Stratakos et al., 2023; Nappi
et al., 2025]. The process of transition from a compact folded configuration to a cylindrical one is
accompanied by repeated changes in the contact areas between the inner surfaces of the shell. From
the standpoint of computational mechanics, the problem is complicated by the need to account for the
nonlinear hyperelastic behavior of the material and to ensure numerical stability during the unfolding
of the tightly packed folds. Nonuniformity in the unfolding of the petals can cause the occurrence of
local stress concentrations, which critically affects the mechanical integrity of the device and the safety
of the medical intervention performed.

Taking into account the above, from the standpoint of mechanics, the greatest interest lies in the
development of a model that correctly describes the interaction between the coronary artery and the
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balloon during its deployment. Before proceeding to the solution of the problem of contact interaction
between the coronary artery and the balloon, the problem of deployment of the angioplasty balloon
“in air” was solved in order to validate the mathematical model with the results of full-scale tests
performed for one of the angioplasty balloons widely used in medical practice.

Figure 6 shows a general view of the device during the experiment. The angioplasty balloon is
made of polyamide.

Figure 6. Angioplasty balloon during the experiment

The development of the finite element model of the folded balloon was carried out in two
stages. As input data, the cross section of the medical device in the “trefoil” configuration was used
(Fig. 7, a) — the standard folding pattern of balloon catheters in clinical practice, in which three petals
are tightly packed around the axis, providing a minimal profile during delivery of the device to the
stenosis area [Rahinj et al., 2022]. This cross section was reconstructed in the MATLAB environment
(Fig. 7, b); the central part of the balloon has a constant cross section, and geometric models of the
proximal and distal ends of the balloon were additionally designed and constructed (Fig. 7, ¢). This
approach provided full control over the topology of the balloon and the accuracy of reproduction of
the fold geometry.

The final finite element model of the folded balloon is presented in Fig. 8 and consists
of 1083914 S4R elements — shell elements based on the Mindlin—Reissner theory [Reissner, 1945;
Mindlin, 1951].

Since the materials from which angioplasty balloons are manufactured exhibit nonlinear
hyperelastic behavior, in order to describe their behavior, as in the case of the coronary artery, it
is very important to make a correct choice of the balloon material model that takes into account the
features of its behavior during deployment.

To describe the behavior of the balloon material, the polyamide Grilamid L25, a first-order
hyperelastic Ogden model was used [Helou et al., 2021]. The choice of this model is justified by the
results of the comparative analysis presented in a series of works [Helou et al., 2021; Rahinj et al.,
2022; Bhave et al., 2023], in which various options for describing polymers were considered, including
Ogden potentials (1st and 4th orders) and polynomial models. Within the framework of the current
task, preference was given to the first-order model, since it provides more stable convergence under
extreme deformations and complex contact interaction. This model is well suited for reproducing the
large nonlinear deformations characteristic of polymer materials: owing to its flexible parameterization
through power-law dependences of the principal stretches, it provides a more accurate description of the
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Figure 7. Geometry of the balloon catheter in the “trefoil” configuration: (a) cross section of the medical
device [Rahinj et al., 2022]; (b) reconstructed cross section in the MATLAB environment; (¢) geometric models
of the proximal and distal ends of the balloon. The x, y, z axes are spatial coordinates

Table 2. Parameters of the hyperelastic Ogden model used to describe the behavior of the balloon

Order of the Ogden model | u,, MPa | «, | D,
1 1.72 4551 0

material behavior compared with the Neo-Hookean or Mooney — Rivlin models. The model parameters
are given in Table 2.

The computation was performed in the Simulia Abaqus software package using the explicit
dynamics method (Abaqus/Explicit), since it is well suited for problems involving large deformations
and complex contact interaction.
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Figure 8. Finite element model of the balloon catheter in the folded state. Geometry of the balloon shell before
the start of the deployment process

Loading was applied in the form of a uniformly distributed internal pressure increasing from zero
to ~2.23 atmospheres according to a nonlinear dependence based on experimental data. A formulation
with the following boundary conditions was considered: the distal end of the balloon was constrained
against radial and longitudinal displacements, and the proximal end only against radial ones.

Figure 9 shows the deformed shape of the balloon.

Figure 9. Deformed shape of the angioplasty balloon

Figure 10 demonstrates the cross section of the balloon in the deployed state compared with the
undeployed configuration.

Analysis of the obtained results showed that the maximum von Mises equivalent stresses are
localized in the zones of fold straightening. The developed mathematical model correctly reproduces
the dynamics of deployment of the hyperelastic balloon from the “trefoil” configuration, makes it
possible to identify critical stress zones and to assess the uniformity of petal unfolding — a necessary
condition for preventing balloon ruptures and ensuring correct positioning in the vessel lumen.

The results obtained at this stage are used to validate the mathematical model of the balloon.
Figure 11 presents a comparison of the curves of the balloon deployment diameter versus pressure
for the numerical and full-scale experiments, demonstrating good qualitative agreement, but requiring
refinement of the mathematical model at the next stage.
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Figure 10. Cross section of the balloon compared with the undeployed configuration
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Figure 11. Plot of the balloon deployment diameter (mm) versus the pressure in the balloon (MPa)

On the basis of the analysis of the results presented above, it can be concluded that the developed
mathematical model correctly reproduces the dynamics of deployment of the hyperelastic balloon from
the “trefoil” configuration. Stress concentrations were identified in the fold zones and near the distal
end of the balloon; the obtained results make it possible to assess the uniformity of petal unfolding and
to identify the critical zones necessary for preventing local damage and ensuring correct positioning in
the vessel lumen.

5. Conclusion

A biomechanical model of the artery was developed, considering the heterogeneous physical
and mechanical properties of the artery and plaque. Also, a mathematical model was developed and
validated, correctly reproducing the dynamic nonlinear hyperelastic behavior of an angioplasty balloon
when it is opened from the “trefoil” configuration, allowing further generalization of this approach to
a series of angioplasty balloons.

The developed mathematical models, the obtained results, and the proposed algorithms will
be used in the next stage for full-scale modeling of the angioplasty. The key aspect of this and
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subsequent research in this field is the personalization of the developed arterial models by using real
patient intravascular imaging data. By considering the nonlinear physical and mechanical properties of
coronary arteries and angioplasty balloons using adequate, validated, and verified material models, it
is possible to accurately describe the mechanical behavior of these objects.

In the future, the obtained results are planned to be used to improve the angioplasty technique
based on intravascular imaging data, to justify the necessary changes in medical intervention
regulations, and the use of mathematical modeling methods will reduce the number of clinical trials in
this area.
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