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Abstract—Balloon angioplasty with stenting is a well-estab-
lished interventional procedure to treat stenotic arteries.
Despite recent advances such as drug eluting stents, clinical
studies suggest that stent design is linked to vascular injury.
Additionally, dilation of the medical devices may trigger
pathological responses such as growth and migration of
vascular smooth cells, and may be a potent stimulus for
neointimal hyperplasia. The purpose of this study is to
experimentally investigate the mechanical characteristics of
the transient expansion of six commercially available bal-
loon-expandable stent systems, and to develop a robust finite
element model based on the obtained experimental results.
To reproduce the inflation of stent systems as in clinical
practice, a pneumatic—hydraulic experimental setup is built,
able to record loads and deformations. Characteristic
pressure—diameter diagrams for the balloon-expandable
stents and the detached balloons are experimentally
obtained. Additionally, typical measures such as the burst
opening pressure, the maximum dog-boning and foreshort-
ening, and the elastic recoil are determined. The adopted
constitutive models account for elastoplastic deformation of
the stent, and for the nonlinear and anisotropic behavior of
the balloon. The employed contact algorithm, based on a
C2-continuous surface parametrization, efficiently simulates
the interaction of the balloon and stent. The computational
model is able to successfully capture the experimentally
observed deformation mechanisms. Overall, the numerical
results are in satisfactory agreement with experimental data.

Keywords—Stent, Balloon catheter, Expansion, Constitutive
modeling, Contact, Experiment, Finite element method.

INTRODUCTION

The latest medical statistics reveal that one out of
three Americans has one or more types of cardiovas-
cular disease (CVD).*® Similarly, CVDs cause nearly
half of all deaths in Europe.' CVDs are mostly related
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to common arterial disorders such as atherosclerosis,
which, due to the deposition of fatty substances on
arterial walls, reduce the lumen area and decrease the
blood flow and the transport of oxygen and nutrients
to the organs. An effective and widely used remedy to
treat occluded arteries is balloon angioplasty with
stenting. The minimally invasive nature of this proce-
dure and its remarkably high initial success rate'*’
have made balloon angioplasty an attractive thera-
peutic method. In addition, recently introduced tech-
nology to release drugs locally via polymeric-coated
stents has proven remarkably safe and effective in
preventing neointima formation, and has reduced
short-term rates of restenosis.®'®26:38-5

Nevertheless, the overexpansion of the lesions dur-
ing angioplasty still induces mechanical injury, which
triggers pathological responses such as neointimal
hyperplasia.'*'” These responses are key factor in
in-stent restenosis,®!'*** the most important long-
term limitation of stent implantation. It is important to
note that the mechanical injury to the vessels is not
eliminated by drug-eluting stents.

Balloon angioplasty and stenting is a mechanical
solution to a clinical problem. Hence, one may claim
that the imposed vascular injury and the resulting
restenosis depend on the stent design (structure and
material) and the deployment technique, and conse-
quently on the way the medical devices interact with
the lesion. Indeed, several clinical studies show the
effect of device-dependent factors such as the stent
design®-**>5! and deployment technique’®®® on
tissue proliferation and restenosis. In addition, the
review article by Morton et al.>’ summarizes a series of
trials and comparative studies which strongly demon-
strate that arterial trauma is a function of stent
structure and dimensions, i.e., mechanics.

The delicate balance between maximum final stent
diameter and minimal arterial trauma, and the elimi-
nation of restenosis, has motivated intensive research
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efforts in the bioengineering community. A majority of
studies focus on understanding the mechanical
behavior and the optimal clinical function of the bal-
loon-stent system. A few experimental studies®'**!-*4
provide comparisons of different stents based on
physical and mechanical properties such as hoop
strength, structural integrity, recoil, and flexibility.
Two other papers>* deal with the dilation behavior of
balloon-expandable coronary stents and the charac-
teristic nonlinear behavior of the stenting system under
internal pressure.

In addition to experimental investigations a large
number of finite element approaches exist. The
majority of published numerical models focus on the
stent’s deformation characteristics during expan-
sion,'*'*>* and discuss the localized stress regions in
the stent structure.”'! Several studies,'®® discuss
particular features of the behavior of stents such as
dog-boning and foreshortening. The documented
results are of particular interest as they may be linked
to neointima formation. For example, the nonuniform
expansion (dog-boning) of the stent is one cause for the
injured areas around the stent edges, and excessive
axial contraction of the stent (foreshortening) affects
the device positioning and injures the thin endothelial
layer.

To the authors’ knowledge, very few numerical
studies aim to further validate their results with
experimental data. The paper by Brauer et al.’ com-
bines experimental data with numerical analysis,
though the agreement is rather poor. The computa-
tional study by Migliavacca e al.*® analyzes the radial
expansion and the recoil of coronary stents. The areas
of plastic stent deformation are matched to experi-
mental data obtained from scanning electron micros-
copy. In the numerical model however, the balloon is
not considered. A promising study by De Beule er al.’
documents a numerical model for the dilation of a
coronary balloon-stent system, wherein the actual
folded shape of the balloon and the initial crimping of
the stent on the catheter are considered. For the bal-
loon, an elastic material model is used. The authors
claim strong correlation with the manufacturer’s data,
and identify that the crimping procedure prior to the
stent’s expansion has a minor influence on the overall
stent behavior. The detailed investigation by Wang
et al.> focuses on the transitory nonuniform expansion
(dog-boning) and foreshortening of six stent models.
The balloon is considered to be cylindrical, and it is
modeled as an isotropic, linear eclastic material. The
results indicate that dog-boning depends on the
geometry of the stent’s distal cells and on the over-
length of the balloon. The authors also formulate a
semi-quantitative comparison between the measure-
ments and simulation; a good match is shown.

The above-mentioned studies provide a useful
benchmark for the identification and characterization
of the balloon-stent expansion characteristics. How-
ever, there is still a need for more advanced and effi-
cient models that incorporate the highly nonlinear
behavior of the individual components of the system,
and the complexity of their contact interaction. Addi-
tionally, the validation of these models with pertinent
experimental data is crucial.

The present work is a further step in this direction.
The authors start by seeking an understanding of the
complex, nonlinear transient inflation of different,
commercially available balloon-expandable stent sys-
tems on an experimental basis. Then, based on the
obtained data, they present a finite element model that
is able to reproduce the characteristic inflation mech-
anism. To this end, cooperations with the Swedish
subsidiaries of three industry-leading stent manufac-
tures (Boston Scientific, Cordis, and Medtronic) are
established and six stents, premounted on balloon
catheters, are acquired. As part of the experimental
investigations, a pneumatic-hydraulic system is built
and the deformations of the catheter-stent systems are
recorded. Furthermore, mechanical behaviors such as
dog-boning, foreshortening and recoil are analyzed.
Next, a numerical framework is developed which
considers the nonlinearity and anisotropy of the bal-
loon and the elastoplastic deformation of the stent.
Three-dimensional interaction between the catheter
and the stent is modeled by means of C>-continuous
surfaces. For one of the stents, detailed numerical
results of the balloon-stent dilation modeling are
presented in terms of pressure—deformation diagrams.

EXPERIMENTAL STUDY

The goal is to investigate the deformation mecha-
nisms (change in diameter and length) of the six sample
balloon-expandable stent systems under operational
internal pressure that range between 0 and 12 bar (the
burst pressure was approximately 15 bar). Inflation
tests are examined for dog-boning and foreshortening.
Another goal is to better understand the mechanical
behavior of angioplasty balloons under internal pres-
sure loading. For this purpose, the balloon catheters
are detached from the catheter-stent system, and
characteristic deformations are measured. The experi-
mental data will assist in subsequent numerical mod-
eling.

We provide details of the stent products under
investigation and describe the experimental setup and
procedure of the balloon catheter-stent inflation. The
deformation mechanisms are presented and a com-
parison between the performance of the different stents
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and balloon catheters is provided. Finally, we describe
the experimental approach to test angioplasty bal-
loons.

Investigated Balloon Catheter-Stent Systems

In cooperation with three stent manufactures,
Boston Scientific, Cordis, and Medtronic, six balloon
catheter-stent systems were acquired (see Table 1).
These stents are designed to target peripheral vascular
lesions (located, for example, in the aorta or in the
renal or femoral arteries) or the bile duct. Each man-
ufacturer supplied two stent types, premounted on the
delivery system (balloon catheter, guide wire, intro-
ducer sheath). Each set of two stents had a similar
geometric shape but differed in dimensions. Figure 1
shows photographs of one stent product from each
manufacturer in the fully expanded configuration (for
clarity). The images were obtained by use of a CCD
camera with a magnifying lens.

As can be seen in Fig. 1, geometric similarities are
present among the three stents, for example, the sinu-
soidal strut structure. In all stents, three main building
blocks are present: unit, segment, and link. A segment
consists of several units connected circumferentially,
while the axially positioned segments are attached by
links, leading to the overall stent structure. The three
manufacturers’ stents have segments of similar shape
but different links. More specifically, the stents from
Boston Scientific and Medtronic have straight-shaped
links of different lengths, while the stents from Cordis
have s-shaped links. In addition, the Express Vascular
LD and the Express Vascular SD have interchanging
segments of different lengths with different numbers of
units. This is not the case for the other four stent
products. All the stents are made of surgical stainless
steel 316L, except the Racer stent, which is made of a
cobalt alloy (MP35N).

Experimental Setup and Procedure

The experimental setup accommodates two tasks: (i)
the application of a pressure load inside the balloon
causing a dilation of the balloon expandable stent, and

(i1) the measurement of the load and the related
deformation of the catheter-stent system. A schematic
representation of the setup is depicted in Fig. 2. It is
a simple, low cost pneumatic-hydraulic system,
enhanced by two computer units and a camera.

The first step of the experimental process is con-
cerned with the fixation of the catheter-stent system
which is clamped at locations far away from its upper
and lower boundaries. This allowed free expansion of
the balloon in all three directions (radial, axial, and
circumferential). In addition, the removal of the air
from the inflation tube and the balloon catheter is
carried out. Sterile water is used as inflation medium
and therefore, all air must initially be evacuated from
the system. This preparatory task is here performed as
in clinical practice. In short, a stopcock along with a
syringe are attached to the catheter’s inflation port.
While the stopcock is open, negative pressure is
applied through the syringe. When total vacuum is
achieved in the inflation lumen and balloon, the stop-
cock is closed and the syringe is removed. The flow of
the sterile water into the balloon then takes place and
the inflation of the balloon-stent system is initiated.

To gradually increase the pressure of the water, a
compressed gas accumulator is used. One side of the
accumulator is connected to a tube containing pres-
surized nitrogen, while the other chamber of the
accumulator contains the hydraulic fluid (sterile
water). The two media are separated by an elastic
diaphragm. The progressive opening of the regulating
vent connected to the gas tube leads to the gradational
increase of the water’s pressure, constantly measured
by a pressure transducer located next to the catheter
inflation port. The recording of the transducer is con-
sidered equal to the inner balloon pressure, by
regarding the hydraulic losses negligible, and is sub-
sequently labeled as p,. The computer unit PC 2
records the input from the pressure transducer (the
inflation load) at one second intervals, and simulta-
neously sends a signal to the computer unit PC 1.
Simultaneously, PC 1 triggers a CCD camera equipped
with a magnifying lens which takes a photograph of
the catheter-stent system under dilation. Three exam-
ples of the acquired photographs are given in Fig. 3,

TABLE 1. Product details of six balloon-expandable stents.

Company Product Material Stent diameter (mm) Stent length (mm)
Boston Scientific Express Vascular LD 316L SS 9 37
Boston Scientific Express Vascular SD 316L SS 7 15
Cordis Palmaz Genesis 316L SS 7 12
Cordis Genesis Opti Pro 316L SS 7 59
Medtronic Bridge Assurant 316L SS 6 20
Medtronic Racer Cobalt alloy 4 18
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FIGURE 1. Fully inflated configuration of three balloon catheter-stent systems obtained from Boston Scientific, Cordis, and
Medtronic. The parts of the systems (catheter, balloon, and stent) and the basic components of the stents (unit, segment, and link)

are pointed out.

where the deformed configurations of the balloon-stent
system at different inner balloon pressures are shown.
Image analysis software (Scion Imaging) is employed
for a detailed analysis of these data. Information such
as the stent’s diameter (at different positions, for
example, at distal and central segments) and the total
length at a specific pressure load is extracted.

Experimental Results

The characteristic pressure—diameter (p—D) dia-
grams (i.e., the change of the stent’s diameter with
applied pressure load), can be determined for each
stent by analyzing the obtained image data. The p—D
diagrams are a direct and comprehensive source of
information concerning the deformation characteris-
tics of the balloon catheter-stent systems. In addition,
the diagrams provide an assessment of the different
stent products with respect to their mechanical
behavior. Figure 4 focuses on the Express Vascular LD
balloon-stent system. In particular, Fig. 4(I) shows the
gradual change of the inner balloon pressure p,, over
time ¢, while Fig. 4(II) shows the change of the central
diameter Dy . over py, (the Dy -measure is indicated in
Fig. 3).

The diagrams of Fig. 4 indicate that the dilation of
the Express Vascular LD balloon-stent system can be
basically divided into four phases. Initially, as the
pressure load starts to act on the inner side of the
balloon catheter, the balloon fits closely to the stent.
During this phase, (® — ®) the stent deforms elasti-
cally and its central diameter Dy . changes only
slightly. This is not the case for the distal segments of
the stent, where larger deformation is noted at the
edges of the stent for the same pressure level
(0 < py, £ 3 bar). This behavior, called dog-boning (or
bone effect), is due to a higher compliance at the ends
of the stent structure, and is clearly visible in Fig. 3.
According to Migliavacca er al.*® dog-boning is de-
fined as the ratio

Dst,d - Dst,c

DB = 1
Dsl,d ( )

where the Dy 4 is the diameter of the distal segment
indicated in Fig. 3.

When the load reaches a specific limit, say p¥ (for
the Express LD, p¥ = 2.90 bar, see Fig. 4(I1)), the stent
starts to expand significantly (phase ® - ©), and the
stent approaches its nominal diameter in a few sec-
onds. The plateau of Fig. 4(II) shows this deformation
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FIGURE 2. Schematic representation of the experimental setup used for the inflation of the balloon-expandable stents and for the
recording of the load and deformation. The two photographs show various components of the setup.

mechanism. The main cause of this rapid expansion,
referred to as burst opening, is the initiation of plastic
deformation in some stent areas. The slight pressure
drop during this phase is a consequence of the burst
opening. As expected, when the diameter of the stent
increases, then the volume increases causing a pressure
drop. Subsequently, a new phase of deformation takes
place (© —» @), wherein the balloon-expandable stent
system stiffens significantly in the circumferential
direction. A high pressure increase is recorded against
a low stent dilation rate. The main cause of this stift-
ening behavior is plastic deformation of the stent and,
most important, the deformation characteristics of the
balloon catheter (as discussed later in the manuscript).
Finally, the load is gradually removed (phase @ - ®)
and the pressure is reduced to p, = 0 bar. The final
diameter of the stent is smaller than its diameter at
maximum pressure load. This reduction in size is a
result of the stent’s elastoplastic deformation and is
referred to as recoil. The central radial recoil RE:Y
may be given by the relationship

¥ 0

s plh
rad st,c st,c
RE* = ———=
C - Dplgxax )

st,c

(2)

max

with D, indicating the diameter of the stent’s central
segment at maximum pressure and D‘:tbc is the same
diameter after deflation of the balloon. In the case of
the Express LD stent, the recoil is approximately 1.5%,
and therefore, not readily apparent in Fig. 4(II).

The mechanical responses of the other five stent
products, as can be seen in Fig. 5, are qualitatively
similar to that of the described Express LD system. In
particular, Fig. 5 illustrates the respective changes in
the central and distal diameters during the inflation of
the six balloon-expandable stent systems. In all cases,
the first three deformation phases (® - ® -~ © - @)
are visible. However, in each balloon-stent system a
different burst opening pressure is recorded along with
a different dilated diameter. A comparison between the
distal and central segment clearly evinces the dog-
boning effect, indicated by the faster expansion of the
stent’s edges. More specifically, at the distal segment,
in all the cases, the burst opening pressure is approx-
imately half the burst opening pressure of the central
segment. A further difference between the central and
the distal segment responses concerns the slight pres-
sure drop during the burst opening. In the distal seg-
ments, the pressure decreases only just before the
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FIGURE 3. Three photographs taken during the inflation of
an Express Vascular LD balloon-stent system. The deformed
configurations of the balloon-catheter and the stent at three
different inner balloon pressures p, are displayed. From these
images, and by means of image analysis software, the distal
diameter D;; 4 and the central diameter D, . of the stent were
measured in addition to the total length. The dog-boning
effect during the inflation of the balloon-expandable stent is
clearly visible.
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stiffening phase, while in the central segment it occurs
during its (large) deformation. Note that other studies
focusing on coronary stents>> present similar p—D
curves to the ones depicted in the left diagrams of
Fig. 5 (for reasons of clarity the unloading paths are
not shown).

As was stated in the “Introduction” section, two
important characteristic mechanisms of stent expan-
sion are dog-boning and foreshortening. Dog-boning is
observed in all investigated stents. Based on an Express
LD stent, Fig. 6(I) shows the typical change of the dog-
boning DB, according to Eq. (1), as a function of the
inner balloon pressure py,. The effect becomes clear at a
pressure close to the burst opening pressure of the
distal segments. When the balloon pressure reaches the
value p¥ ~ 3 bar (central segment burst opening load)
the stent approaches an approximately cylindrical
shape and the dog-boning diminishes. At higher pres-
sure loads and after deflation of the balloon catheter,
the dog-boning decreases to zero.

The foreshortening mechanism describes the axial
contraction of the stent under dilation. Foreshortening
may be defined as*’

L t,defo — Lst unde
FS = =2 =0 3
Lst,defo ( )
where Ly gero and L ynge denote the deformed and the
undeformed lengths of the stent, respectively. For the

case of the Express LD stent, the change of fores-
horting FS over inner balloon pressure py, is depicted in

1)

12

Inner balloon pressure py, (bar)

O@lllllll@)
I 2 3 4 5 6 7 8 9 10

Central diameter Dy . (mm)

FIGURE 4. Change of the inner balloon pressure p, over time t during inflation and deflation of an Express LD balloon-stent
system (I). Change of the central diameter D, . of the stent over py, (ll). The deformation mechanism of balloon expandable stents is
divided into four stages: ® - ®, balloon fitting and elastic stent deformation; ® — ©, burst opening accompanied with a large
dilation rate; © —» @, circumferential stiffening; @ -~ ©®, load removal and (elastic) recoil.
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FIGURE 5. Change of the inner balloon pressure p;, vs. the central diameter D . and the distal diameter Dy 4 for six balloon-
expandable stent systems (compare with Table 1). Similar deformation characteristics are identified for all the stent investigated
products (three phase expansion), but also noticeable differences, for example, different burst opening loads and final diameters.
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FIGURE 6. Phenomena that occur during the dilation of an Express LD stent: dog-boning DB (I)—the distal diameter D, 4 of the
stent expands faster than the central diameter D, . until the burst opening of the central segments starts (at p; = 2.90 bar), and the
stent obtains gradually a cylindrical shape; foreshortening FS (lI)}—during increase of the inner balloon pressure p, the length
Lst geto Of the stent initially shrinks. As the stent becomes cylindrical, it elongates, but does not reach its undeformed length Lg; nge

in the fully deflated state.

Fig. 6(I). Due to the cylindrical geometry of the stent
and the dog-boning, inflation of the balloon-stent
system leads to a decrease in stent length. The short-
ening reaches its maximum value as the dog-boning
reaches its maximum as well (Figs. 6(I-1I)), i.e., at the
burst opening pressure load of the stent’s distal seg-
ments. In addition, as the load increases to the stent’s
operational pressure (*11 bar), the stent elongates

from its compressed configuration. Finally, the
removal of the pressure load leads to an axial con-
traction of the stent (1, = 0.98 for the Express LD
stent). All stents exhibit negative foreshortening
(dilated configuration shorter than the undeformed),
except for the Racer stent. A positive value for the
foreshortening is noted in this case, meaning that the
stent is longer after its circumferential expansion.
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TABLE 2. Experimental results obtained during and after the
inflation and deflation of six balloon-expandable stent sys-
tems (compare with Table 1).

Inflation of Balloon Catheters

After performing experiments on the complete bal-

P (bar) DBmax () FSmax (-) RE (%)

loon-stent systems, the balloons are detached from the
plastically deformed, expanded stents, and used for
further tests. To perform inflation tests of the detached
balloons, the same experimental setup is used. Changes
in the length and the diameter of the balloon catheter
are recorded during a gradual increase of the inner

balloon pressure.

Product

Express Vascular LD 2.90 0.73 —-0.06 1.5
Express Vascular SD 4.35 0.67 -0.14 1.1
Palmaz Genesis 3.30 0.54 —-0.04 3.8
Genesis Opti Pro 3.66 0.62 -0.10 0.1
Bridge Assurant 2.39 0.65 —-0.05 4.5
Racer 3.32 0.52 +0.02 5.1

The burst opening pressure p (in bar) for the central segments of
each stent, the maximum values for the dog-boning DB,,,.x and the
foreshortening FSax, and the elastic recoil RE (in percent) are

given.

In Table 2, the burst opening pressure p¥, the
maximum dog-boning DB,,.., the maximum fore-
shortening FS .« and the final central radial recoil RE
(in percent) are given for each of the six stents. As
expected, the Express Vascular LD shows the largest
dog-boning due to its larger circumferential stretch
relative to the other stents. The Express Vascular SD
contracts axially more than any other stent, while, as
previously noted, the Racer stent showed the only
positive value of foreshortening. In addition, the
maximum central radial recoil was measured in the
Racer stent when the balloon catheter is removed.

Experimental results reveal a complex deformation
mechanism for all six balloon catheters. For example,
Fig. 7 shows the relationship between inner balloon
pressure p,, and the balloon diameter Dy, for the bal-
loon catheter obtained from the Bridge Assurant stent
system. From this figure, three deformation states of
the balloon are evident. Initially, the balloon is folded
into an s- or z-shaped form and has an average
(reference) diameter Dy, (state (D). For this specific
balloon catheter D is assumed to be 2.0 mm. Under
low pressures (up to approximately 0.5 bar), the
unfolding of the balloon takes place. In this phase, the
balloon expands noticeably circumferentially from its
initial (complex) configuration, and obtains an almost
fully cylindrical shape with diameter Dy (state @).
For the same Bridge Assurant balloon catheter, Dy, is
6.22 mm at state @. Due to the folded shape of the

Inner balloon pressure pj, (bar)

=+
®

O I I I
2 3 4 5 6 7

Balloon diameter Dy, (mm)

FIGURE 7.

Bridge Assurant balloon catheter

Inner balloon pressure p, vs. balloon diameter D, during the inflation of a balloon catheter used for the Bridge

Assurant product, and three photographs of characteristic deformation states of the balloon. Initially, at low pressure load, the
folded balloon expands rapidly from its average (reference) diameter D, (at 2.0 mm) to a diameter D, ; (at approximately 0.5 bar
and 6.22 mm), and obtains an almost fully cylindrical shape (phase (D). At the specific diameter D, , the balloon catheter exposes
circumferentially a (relatively linear) stiffening behavior. As the pressure load increases, the balloon slightly continues to expand,

up to its final diameter Dy, (phase () — @).
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FIGURE 8. Inner balloon pressure p, over axial and circum-
ferential stretches for a balloon catheter obtained from the
Bridge Assurant stent system. The two curves, shown be-
tween state () and @) (the reference state is state (i) where the
catheter has obtained an almost fully cylindrical shape),
indicate a dominant anisotropic deformation mechanism,
which is the same for all six investigated balloon catheters
(see Table 1).

balloon, its diameter cannot be clearly defined and
measured during the phase @ — @. Thus, the change
of diameter over the pressure load during this phase is
not shown in the diagram of Fig. 7. As the pressure
increases to the operational value, small changes are
noted in the diameter of the balloon. In other words,
after a specific pressure (stretch) limit, the balloon
displays a significant circumferential stiffening behav-
ior. At the end of the inflation (state @) the diameter of
the balloon is Dy y;p (=7.57 mm). This diameter also
defines the stent’s expanded diameter.

A closer examination of the three balloon defor-
mation states (D, @, @) shows that, despite the
prominent circumferential expansion of the balloon,
no significant changes take place in the axial direction
(see Fig. 7). Hence, the circumferential compliance of
the balloon catheter is higher than that of the axial
direction during the inflation procedure. This claim is
additionally supported by the curves shown in Fig. 8,
where the inner balloon pressure Dy, is plotted against
the axial and circumferential stretches 4 of the balloon
for the phase @ — @, at which the balloon is already
cylindrical. For the Bridge Assurant balloon catheter,
it is evident that the stretches in the circumferential
direction are higher than in the axial direction, even
after the balloon has reached the diameter Dy, j;. The
circumferential stretch at state @ is about 20% higher
than that in the axial direction (note that due to the

folding mechanism the stretch refers to the whole
structure and may not necessarily reflect the stretch in
the actual balloon material).

The deformation mechanisms described above are
the same for all six balloon catheters, and very similar
graphs to the ones in Figs. 7 and 8 are obtained.
Nevertheless, each balloon exhibits different diameters
Dy 11 and Dy, pp1. For example, for the Bridge Assurant
system Dy = 6.22 mm, while for the Express Vas-
cular LD system Dy, ;; = 8.85 mm, and for the Palmaz
Genesis system Dy = 6.35 mm.

NUMERICAL MODELING

We present a finite element model for the inflation
procedure of balloon catheter-stent systems in more
detail and apply the model to analyze the Bridge
Assurant system. We outline a parametric algorithm to
generate the stent geometry and review a recently
proposed cylindrically orthotropic model for the bal-
loon, and an efficient contact algorithm for elastic
bodies undergoing large deformations and sliding. The
constitutive model for the balloon and the contact
algorithm were implemented into the multipurpose
Finite Element Analysis Program FEAP.>* The inputs
are material parameters for the balloon material
model, and are derived from the inflation experiments
described previously. The numerical results are pre-
sented in terms of pressure—diameter diagrams, and
compared with experimental data.

Stent Geometry and Material

The six stent geometric models are generated by
means of a developed parametrization algorithm.
Parametric design is a powerful technique in engi-
neering when numerical optimization is used to gen-
erate the ‘optimal’ design of a product. In our case, the
algorithm enables an efficient variation of the stents’
configurations and the generation of new stent designs
just by varying their geometric structure.

The required input data consist of a set of geometric
parameters, which are indicated in Fig. 9 along with
the generated models of the undeformed configura-
tions of three stents.

The required geometric parameters are:

(i) number n, of the units for each segment (could
vary among segments of the same stent, as it is the
case for the Express stents),

(i) lengths /,, and [, of the units,

(iii) wave lengths w,, and w, of the units,
(iv) distance /. between two consequent segments,
and

(v) diameter Dy and the length L of the stent.
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FIGURE 9. Geometric models of the undeformed configura-
tions of three stent products (compare with Table 1). The stent
geometries are generated by means of a developed parame-
trization algorithm enabling an efficient variation of the stents’
configurations and the generation of new stent designs. The
required set of geometric parameters are: the number n,,
the lengths |, , and I, 5, and the wave lengths w, , and w, , of
the units for each segment, the distance /; . between two con-
sequent segments, and the diameter Dg; and the length L, of
the stent.

The output of the parametrization algorithm is the
geometric model of the stent and the related finite
element mesh. The generated mesh consists of two-
node, large displacement, and large rotation 3D frame
elements.” The density of the finite element mesh may
be defined by additional user-specified parameters that
control the number of nodes in the axial and circular
parts of the units, and the number of nodes at the links.

This numerical study focuses particularly on the
Bridge Assurant stent system, which is made out of
stainless steel 316L. Hence, we adopt a neo-Hookean
model for the elastic domain, and the von Mises-Hill
plasticity model (J, flow theory) with linear hardening
for the inelastic domain of the stent material. We
choose a Young’s modulus £ = 193.0 GPa, a Poisson’s
ratio v = 0.3, a yield stress o, = 300.0 MPa, and a
linear hardening modulus Hiy, = 2.0 GPa.?

Balloon Geometry and Material

The deformation patterns of angioplasty balloons
under inner pressure are particularly complex, as is
demonstrated by the experimentally observed aniso-
tropic behavior (see Figs. 7 and 8). The balloon’s initial
folded configuration and the unfolding phase add an-
other degree of complexity to the modeling process. To

incorporate these phenomena at least phenomenolog-
ically, a cylindrically orthotropic model, as presented
in the recent papers by Kiousis er al.*”*® is adopted.
The model is based on the theory of the mechanics of
fiber-reinforced composites, as introduced by Holzap-
fel et al.,>* and is briefly summarized in the subsequent
part of this section.

The folded initial shape of the balloon is not taken
into account and the balloon is modeled as a perfect
cylinder. The balloon material is assumed to be
incompressible and much stiffer axially than circum-
ferentially. According to the experimental data, the
mechanical response of the balloon in the circumfer-
ential direction is considered to be very soft up to a
stretch limit. Beyond this limit, the stiffness of the
balloon in the circumferential direction increases sig-
nificantly. To capture this peculiar balloon response,
two orthogonal material axes are introduced. They are
characterized by the unit vectors ay; and ag,, which are
oriented in the axial and circumferential directions of
the undeformed balloon configuration, respectively.

For the balloon material we assume the existence of
a strain-energy function defined per unit reference
volume, and allow an additive decomposition of that
function into volumetric and isochoric parts.** While
the volumetric contribution is motivated mathemati-
cally (described by a penalty function), the isochoric
contribution, labeled as ¥, is now described in more
detail. We assume a separation of ¥ into an isotropic
part W, associated with the deformation of the
matrix material, and an anisotropic part W,piso, Which
takes care of the anisotropic behavior of the balloon
response. The two-term potential may be written as

W(C,a91,20) = Piso(C) + Paniso(C, 201, 202),  (4)

where C = J 23F'F is the modified right Cauchy-
Green tensor, J > 0 is the local volume ratio, and F is
the deformation gradient.”> By introducing the struc-
ture tensors A; = ag; ® ap and A, = ap ® agp,, Eq.
(4) may be written in the reduced form??

‘P(C,A],Az) = lI]iso(ll) +Taniso(14;16)a (5)
with the first invariant I; = trC of C, and the two
invariants I, =C: A; and Iy =C: A, of C,A; and
C, A,, respectively. The invariants I, and I are the
squares of the stretches in the directions of ay; and a»,
respectively, and therefore have a clear physical inter-
pretation. From the above equation it is obvious that
anisotropy arises only due to Iy and Ig.

The isotropic response of the matrix material is
determined through a neo-Hookean model of the form
Yo = u(l; — 3), where 4 > 0 is a stress-like material
parameter. The anisotropic contribution W,y to the
strain-energy function is described as®’
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_ di:
‘Paniso(14716) = Z _(II - dz,i) . (6)

i=4.6

The parameters n and d,;, i = 4,6, are dimensionless,
while d, ;, i = 4,6, have dimensions of stress. With this
function, the stiffness in each direction is described by
d,,;, while d,; defines the initiation of the balloon’s
stiffening behavior (axially and circumferentially).
To illustrate the accuracy of the described material
model, a numerical analysis of the Bridge Assurant
balloon catheter is performed and compared with the
experimental data. The diameter and length of the
balloon in the undeformed configuration are assumed
to be 2.0 and 20.0 mm, respectively. The balloon is
discretized by eight-node hexahedral elements. To
account for incompressibility a mixed finite element
formulation is used. The upper and lower faces of the
balloon are fixed in all directions. The expansion of the
balloon catheter is performed by a pressure load,
which acts at the deformed inner boundary surface of
the balloon, and which is deformation dependent. To
match the characteristic mechanical response, the
parameter d, 4 is chosen equal to 1. In the case of the
Bridge Assurant balloon, the diameter Dy, jy at state @
is 6.22 mm, which corresponds to a circumferential
stretch of 3.11. The value d, ¢, describing the initiation
of the stiffening in the circumferential direction, is
chosen equal to 10, and the exponent in Eq. (6) is 3.
The stiffness in the two material axes of the balloon is
defined by the values d;4 = 1000 N/mm and
dy ¢ = 100 N/mm, respectively, while for the isotropic
part ¢ = 100 MPa. Figure 10 illustrates the results of
the finite element simulation of the dilation process of
the Bridge Assurant balloon. The solid curve repre-
sents the change of the inner balloon pressure py, with
the central diameter of the balloon. As depicted in
Fig. 10, between load p,, = 0 bar and p,, = 0.5 bar, the
balloon diameter increases considerably. This phase
(O — @) simulates the complex unfolding of the
balloon. After this phase, at state @, the balloon
stiffens circumferentially. In Fig. 10, the experimental
results are illustrated by a dashed curve. As can be
seen, the numerical model captures qualitatively and
quantitatively the experimentally observed deforma-
tion mechanism of the balloon catheter.

Contact Between the Stent and the Balloon

The numerical simulation of the interaction of the
stent with the balloon is a challenging nonlinear
problem in computational mechanics. The main diffi-
culties arise from the nonlinear behavior of the
involved bodies, the anisotropy of the balloon catheter,
the involved finite deformations and the complex
three-dimensional contact interaction of the two
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FIGURE 10. Experimental results in comparison with results
obtained from a finite element simulation of the dilation pro-
cess of the Bridge Assurant balloon analyzed with the mate-
rial model (6). Inner balloon pressure p, vs. central balloon
diameter. Up to about p, = 0.5 bar the balloon diameter in-
creases considerably and beyond that pressure the balloon
stiffens circumferentially. The computational model shows
good agreement with the experiments.

medical devices. There is strong evidence'>™* that
facet-based contact algorithms often lead to numerical
problems during simulations where large deformations
and bodies with arbitrary geometries are involved.
Problems encountered include: oscillation of contact
forces, nonrealistic pressure jumps, contact cycling,
and loss of quadratic convergence of the nonlinear
solution scheme.

To overcome these numerical instabilities, the con-
tact algorithm developed and documented in Kiousis
et al.”’ is adopted here. In this context, the stent is
considered as the contractor and the balloon as
the target body. By applying the node-to-surface
approach, the stent is described through its (finite
element) nodes and the balloon by C*-continuous
surfaces. While several parametrization methods have
been implemented into contact algorithms,***%4°
the discussed technique makes use of uniform cubic
B-splines surfaces*’ mathematically described as

0<u,v<l1, (7)

S(u,v) =Y ) Bi(u)Bi(v)Py,

i=1 j=1

where u and v are convective coordinates, P;;, i,j = 1,
...,41s a structured, bidirectional mesh of 4 x 4 control
points, and By, k = 1,...,4 are cubic basis functions of

the form
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Bi() = (1 =3t +3% - £)/6,

By(1) = (4 — 612 +31°) /6,

B — - (3)
3(1) = (1 + 314317 = 31°) /6,

By(t) = /6,

where ¢ stands for u or v. In the present approach, the
control points P; ; are formed by the superficial element
nodes of the target body, i.e., the balloon. The uniform
cubic B-splines have wuseful properties such as
C*-continuity and local support, and the normal vector
changes smoothly over the boundaries of surfaces.
Therefore, the application of uniform cubic B-splines
leads to a robust contact algorithm. For more details
on the implementation of the parametrization scheme
into a numerical framework (especially into FEAP>?),
the rggder is referred to the original work by Kiousis
et al.

Undeformed

@

pp = 2.3 bar

pp = 0.0 bar

Finite Element Model of the Balloon
Catheter-Stent System

Figure 11(I) shows the finite element model of the
Bridge Assurant balloon catheter-stent system. The
total number of degrees of freedom is approximately
6000. The upper and lower faces of the balloon are fixed
in all directions. To each node of the stent, an axial
stiffness is added. This restricts axial rigid motion at the
nodes and, in addition, incorporates (a phenomeno-
logical) friction between the inner side of the stent and
the outer surface of the balloon. Friction was not
explicitly implemented because a reliable friction coef-
ficient is not yet known. The pressure boundary loading
is applied at the inner surface of the balloon. The
gradual increase of the inner pressure inflates the bal-
loon, which comes into contact with the stent, and
consequently, leads to full expansion of the system. The
contact constraint is enforced by the penalty method.

Fully inflated

av)

oy = 9.1 bar

p, = 2.8 bar

FIGURE 11. Finite element model of the Bridge Assurant balloon catheter-stent system (I). Deformed configurations of the system
at different pressure levels (ll), (lll), (IV) (the upper and lower faces of the balloon are fixed in all directions, and pressure boundary
loading is applied at the inner surface of the balloon). The numerical model successfully reproduces the experimentally observed
deformation mechanisms, for example, the dog-boning (compare with Fig. 3).
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Numerical Results of the Inflation Process

Figure 11(II-1V) shows results of the finite element
simulation in terms of the deformed configurations of
the Bridge Assurant balloon catheter-stent system at
three load levels during inflation process. The com-
putation points out that the distal cells of the stent are
more compliant than the central cells, which is in
agreement with experimental observation (the edges of
the stent expand faster than the central region, i.e.,
dog-boning, see Fig. 11(II-111)). More specifically, for
po = 2.3 bar (Fig. 11(II)) the cell in the central region
of the stent is almost unexpanded, since the pressure
load has not yet reached the burst opening value,
which is at p¥ = 2.39 for the Bridge Assurant system
(see Table 2). Meanwhile, the distal segments have
acquired a significantly larger diameter. As the pres-
sure load increases (Fig. 11(III)), the central segment
expands, and at p, = 9.1 bar (Fig. 11(IV)) the stent
obtains its fully expanded cylindrical shape.

To validate the accuracy and efficacy of the employed
finite element model and the contact algorithm, we
compare the pressure-diameter diagrams obtained
from the experiments and the numerical simulation (see
Fig. 12(I, II)). Overall, the numerical results (solid
curves) are in satisfactory agreement with the experi-
mental data (dashed curve, from Fig. 5). The compu-
tation is able to precisely capture the initial expansion
phase ® — ® of the balloon-expandable stent system
for both the central and the distal diameter of the sys-
tem. In addition, the numerical results for the distal
diameter of the system during the dilation phase ® - ©
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agree also quite well with the experimental data. This is
not the case for the central diameter because Newton
iterations are used to solve the algebraic equations. One
possible modification to improve the accuracy of the
simulation (according to the experimental results of
the central system diameter during dilation phase) is the
application of an arc-length method. Thereby, a length
of a specified load—displacement path may be provided
instead of a pressure load step.

At the final phase © — @ of the system’s inflation,
where the balloon stiffens circumferentially, the
numerical model demonstrates a slightly stiffer
behavior when compared to the experimental data for
the region p, € [5,10] bar (about 7% difference).
A closer review of Fig. 5 (experimental results) reveals
that several balloon-stent systems demonstrate two
stiffening regions within the phase © - @, which is
clearly visible for the Bridge Assurant system in
Fig. 12. It is apparent that at a pressure load of about
Pr = 5.0 bar, a transition of the balloon-stent’s cir-
cumferential stiffness takes place and the overall sys-
tem becomes more compliant. The numerical model,
while able to track the initial experimental results, is
not able to mimic this transitional zone of the
(circumferential) stiffness.

SUMMARY AND CONCLUSION

The present paper analyzed the mechanical response
of six vascular balloon catheter-stent systems, and of
angioplasty balloons detached from the catheter-stent
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FIG. 12. Comparison of the experimental and the numerical results for the dilation of the Bridge Assurant balloon-stent system;
change of the inner balloon pressure p;, vs. the central diameter D (), and the distal diameter D, 4 (ll). Overall, the numerical
results (solid curves) are in satisfactory agreement with the experimental data (dashed curve, from Fig. 5).
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systems, during inflation. The analysis was initially
approached from an experimental point of view. Next,
guided by the experimental data, a finite element
framework was developed which is able to reproduce
the typical mechanical characteristics of catheter-stent
systems.

Cooperations were established with three stent
manufacturers, and six current stent products were
acquired (product details are summarized in Table 1).
After recording the stent structures and dimensions, the
balloon-stent systems underwent inflation tests. A
pneumatic-hydraulic experimental setup was built
(Fig. 2) to apply pressure inside the balloon catheters,
while simultaneously recording the loads and deformed
states of the balloon-expandable stents during inflation.
Postprocessing of the experimentally obtained data and
images (shown for example for an Express Vascular LD
balloon-stent system in Fig. 3), made it possible to
extract the characteristic pressure—diameter diagrams
for each stent (Figs. 4 and 5). These images and dia-
grams reveal that during inflation of the balloon-stent
systems, the overall deformation path can be sub-
divided into three characteristic phases, and that phe-
nomena such as dog-boning and foreshortening take
place (Fig. 6). Table 2 summarizes additional important
information including the burst opening pressure, the
maximum dog-boning and foreshortening values, and
the elastic recoil.

To acquire a more thorough understanding of the
mechanical behavior of modern balloon catheters
(detached from the stents), the same experimental
setup and protocol were used. Findings underline an
almost bi-linear and anisotropic deformation mecha-
nism, which is the same for all investigated balloon
catheters (Figs. 7 and 8). The balloons showed signif-
icant axial stiffness during the inflation, while in the
circumferential direction they were very compliant
(unfolding phase) for pressure levels between 0 and
approximately 0.5 bar. However, at higher pressure
loads pronounced stiffening occurred.

Subsequently, a finite element model for simulating
inflation of the balloon and its interaction with the
stent was presented, focusing on the Bridge Assurant
stent system. A parametrization algorithm was devel-
oped to generate geometric models of the undeformed
stent configurations (see Fig. 9). Deformation of the
stent was taken into consideration by an elastoplastic
material model. To describe the unfolding process of
the balloon, and the circumferential stiffening behavior
in a phenomenological way, a nonlinear anisotropic
model was adopted.?”*® The computational model for
the balloon was shown to be in good agreement with
the experimental results (Fig. 10). The contact inter-
action of the two bodies was modeled by means of a
contact algorithm based on a uniform cubic B-spline

surface parametrization. The penalty method was
applied to impose the contact constraint. The finite
element model reproduced the experimental data in a
robust way (Fig. 11). Comparative study showed good
agreement between the pressure—diameter diagrams
generated form the experimental data and the simula-
tion (Fig. 12). The model successfully captured the
mechanics of the balloon-stent system under dilation.
However, it should be noted that the pressure drop
during the burst opening phase could not be captured
by the applied numerical methodology.

The proposed experimental and computational
approach demonstrated suitability for better analyzing
commercially available vascular balloon catheter-stent
systems, and also developing new stent designs. The
presented methodology identified stents with maxi-
mum values of dog-boning and foreshortening. Even
though a direct comparison of these specific products
was not feasible (since the stents are of different sizes
and target lesions of different diameters and lengths),
the computational model can serve as a test bed for
new stent geometries. New designs can aipriori be
tested in this numerical platform, and can be evaluated
in terms of final expansion diameter, dog-boning or
foreshortening. In such a way, the presented model can
be a valuable tool for stent manufacturers. In addition,
studies of the morphologic changes in lesions during in
vitro angioplasty using certain imaging modalities and
image processing® and/or experimentally validated
models for the interaction with a lesion®***!32 can
assist the development of accurate and reliable patient-
specific simulations. In this way, more information on
arterial damage can be provided in the future.

However, there are still limitations that should be
addressed in the near future. The presented study did
not consider the interaction of the medical devices with
the vascular wall. The balloon-stent systems were not
tested in the application environment, i.e., inside an
atherosclerotic arterial wall. The design of such an
experiment could provide information on the damage
induced by the stent struts on the endothelial layer.
Such an attempt however exceeds the aims of the
current work. Crimping of the stent to the balloon
catheter was not simulated, and hence the residual
stresses and strains resulting from this procedure were
not considered. It is noted, however, that the results of
the recent computational study by De Beule et al.’
show that the crimping procedure has a minor influ-
ence on the overall expansion of the stent. The unde-
formed configuration of the balloon catheter is
considered to be uniform and cylindrical, and its fol-
ded shape is not modeled. However, the adopted
nonlinear model manages to successfully simulate the
unfolding phase of the balloon in a phenomenological
way. In addition, the presented computational model
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did not incorporate microstructural effects of the stent.
The average grain size of stainless steel is almost of the
same order of magnitude as the stent’s strut thickness
(approximately 150 um). Therefore, a continuum
mechanical model may be questionable. Note that the
paper by McGarry er al.* analyzes microscale
mechanical phenomena of the stent material behavior
using physically based crystal plasticity theory rather
than phenomenological plasticity theory.

The authors hope, despite of the mentioned limita-
tions, that this analysis assists the biomechanics and
medical community in future numerical investigations
toward optimization of the stenting technique.
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