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Patient-Specific Aortic Phantom
With Tunable Compliance
Validation of computational models using in vitro phantoms is a nontrivial task, espe-
cially in the replication of the mechanical properties of the vessel walls, which varies
with age and pathophysiological state. In this paper, we present a novel aortic phantom
reconstructed from patient-specific data with variable wall compliance that can be tuned
without recreating the phantom. The three-dimensional (3D) geometry of an aortic arch
was retrieved from a computed tomography angiography scan. A rubber-like silicone
phantom was manufactured and connected to a compliance chamber in order to tune its
compliance. A lumped resistance was also coupled with the system. The compliance of
the aortic arch model was validated using the Young’s modulus and characterized further
with respect to clinically relevant indicators. The silicone model demonstrates that com-
pliance can be finely tuned with this system under pulsatile flow conditions. The phantom
replicated values of compliance in the physiological range. Both, the pressure curves and
the asymmetrical behavior of the expansion, are in agreement with the literature. This
novel design approach allows obtaining for the first time a phantom with tunable compli-
ance. Vascular phantoms designed and developed with the methodology proposed in this
paper have high potential to be used in diverse conditions. Applications include training
of physicians, pre-operative trials for complex interventions, testing of medical devices
for cardiovascular diseases (CVDs), and comparative Magnetic-resonance-imaging
(MRI)-based computational studies. [DOI: 10.1115/1.4044611]

Keywords: applied mechanics, cardiovascular diagnostics, clinical applications, tissue
engineering

1 Introduction

Cardiovascular disease (CVD) has evolved into a worldwide
epidemic and is the leading cause of death globally [1,2]. In the
European region, CVDs account for 45% of all fatalities with

3.9� 106 of deceases each year [2]; there were just under
11.3� 106 new cases in 2015 with more than 85� 106 people liv-
ing with CVDs [2]. Increasing occurrence of CVDs at advanced
age requires costly surgical operations to be conducted in a mini-
mal invasive way [2,3]. Considering a decrease in mortality rate
and a higher life expectancy in many middle and high-income
countries [3], the cardiovascular devices market with a value of
$33 billion in 2015 is projected to grow at a compound annual
rate of 6.6%. Its expansion is mainly triggered by the need for
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new devices capable of reducing hospitalization costs, patients’
pain and recovery time [4]. As CVDs do not only represent a
health issue but also a major economic burden managing on how
to control symptoms and conditions, their total global cost is set to
rise from approximately USD $863 billion in 2010 to a staggering
USD $1,044 billion in 2030 [5]. Early diagnosis and minimal
invasive interventions could play a significant role in this
framework.

Imaging techniques such as magnetic resonance imaging play a
major role in early diagnosis of CVDs. Fluid-dynamic-relevant
biomarkers have been investigated to assess initiation and devel-
opment of CVDs such as atherosclerosis and aneurysms [6]. How-
ever, spatial and temporal resolutions and artifacts still constitute
obstacles because they are strongly related to the time of scanning
and to patient movement. Well-established tools in engineering
are also image-based computational methods such as computa-
tional fluid dynamics and fluid–structure interaction. These com-
putational approaches could give invaluable insights into
cardiovascular medicine by allowing the modeling of healthy and
pathological conditions, the enhancement of diagnostic assess-
ment and the prediction of the outcomes of device implantations
or interventions [7–9]. Nevertheless, further investigations are
required to validate these approaches [10,11].

Increasingly high level of surgical skills and experience is
required to successfully perform cardiovascular interventions, due
to the growing variety of medical devices to treat CVD, the intrin-
sic complexity of interventions, and the lack of sufficient training
and adequate surgical planning. In particular, in minimally inva-
sive interventions where the procedures are image guided, such as
transcatheter aortic valve implantation [12,13], coronary stent
implantation [14] or aortic endografting [15,16], relevant skills
and experience are of paramount importance. In these cases, the
anatomical complexity, malpositioning, or migration of prosthetic
devices affects the outcome of the treatment and may lead to the
conversion to invasive surgery [17,18]. Here, patient-specific
phantoms offer great potential to overcome some of the aforemen-
tioned challenges as they allow longer scanning times (resulting
in higher resolution), absence of patient motion and the assess-
ment of the cardiovascular parameters after device implantations
[19]. Phantoms could further constitute an optimal validation tool
for computational approaches [20]. Also, in vitro tests ensure con-
trollable and repeatable experimental conditions in a cost- and
time-efficient way [21].

Researchers have investigated rigid [22] as well as flexible
models [23]: rigid phantoms were historically made of glass to
allow transparency. Recently, advancements in additive manufac-
turing techniques—three-dimensional (3D) printing—have per-
mitted rapid fabrication of cost-effective transparent prototypes of
patient-specific geometries using rigid materials [20,24]. Though
these phantoms are ideal for flow visualization studies, the
absence of compliance of the vessel walls does not allow to
closely mimic the physiological behavior of anatomical structures
leading to inaccuracy of fluid dynamic quantities [25] and failing
to reproduce conditions in which devices are deployed. These
shortcomings limit their application in clinical training [22]. 3D
printers such as the Objet500 Connex3 printer by Stratasys, Inc.,
(Rehovot, Israel) allow to build layers of compliant rubber-like
materials such as TangoPlus [26]. However, this technique is still
unsuitable for the modeling of large arteries, due to the inhomoge-
neities produced by the manufacturing process, which result in a
fragile phantom, and the highly viscoelastic behavior of the mate-
rial, which may result in bulges and ruptures when the prototype
is subjected to cyclic loads [26].

Hence, for the phantom developed in this work, a casting tech-
nique with silicone material was preferred. Though this process
requires an accurate selection of the polymeric material, mold
geometries, and atmospheric conditions [27], once optimized
allows to obtain a suitably uniform thickness of silicone (this is
more challenging when employing dip casting approaches), in the
range of the patient-specific vessel walls, and physiological

compliances. The initial step of a molding technique involves 3D
printing of several parts of the mold that can be aligned to a 3D
negative of the final prototype. Then, polymeric material is poured
into the mold, cured and then extracted. Here, an inner 3D printed
prototype was coated layer by layer with silicone dispersion, and
cured before each subsequent coating. The vessel compliance of
the developed vascular phantoms using the dipping or molding
approach depends on the material choice for the silicone disper-
sion, as well as on the curing process [27,28].

In this work, we present the design process and characterization
procedure of a vascular phantom that allows to vary the vessel
wall compliance, determined with respect to clinically relevant
mechanical properties (i.e., compliance analyses during nonpulsa-
tile and pulsatile conditions). Using patient-specific Computed
Tomography (CT) data provided by the Centro Cardiologico
Monzino, Milan, Italy, the 3D geometry of the aorta was seg-
mented and a silicone-material phantom manufactured. The phan-
tom features were determined using computational modeling of
the material and of the vessel compliance at different pressure
conditions. The entire phantom is hosted inside a chamber filled
with de-ionized water connected to a tunable compliance cham-
ber. Vascular phantoms designed and developed with the pro-
posed methodology have high potential to be used in diverse
environments. Applications include training of physicians, pre-
operative trials for complex interventions, testing of medical devi-
ces for cardiovascular diseases, and comparative MRI-based com-
putational studies.

2 Materials and Methods

The design process of this patient-specific aortic phantom was
inspired by procedural steps found in Ref. [29]. The design pro-
cess is summarized in the flowchart in Fig. 1. First, the aorta con-
tained within the patient CT scan was segmented. Mechanical
characterization of alternative polymers was performed by means
of uniaxial mechanical testing, to determine the stress–strain
curves for the different materials and identify the best fitting
hyperelastic constitutive model. These were then validated
numerically with numerical models replicating the loading and
geometries of the tested specimens. Then, each material model
was used to describe a vessel of idealized geometry, subjected to a
range of pressures. The values estimated for the vessel compliance
and the distensibility were used to select an appropriate material
and thickness for the phantom. In Secs. 2.1–2.5, the design pro-
cess is described in detail.

2.1 Image Segmentation. The original dataset was obtained
from a CT-angiography of a 76-year-old patient who was under-
going a transcatheter aortic valve implantation procedure with rel-
evant institutional ethical committee approval. The anonymized
data provided in digital imaging and communications in medicine
file format were obtained from the Centro Cardiologico Monzino,
(Milan, Italy). The dataset comprises the entire thoracic aorta, the
abdominal aorta and the femoral bifurcation. The patient had
heavily calcified valve but there was no pathological condition
(e.g., aneurysm and/or dissection) observed along the aorta.

The data were first imported to 3DSLICER, an open source soft-
ware for digital imaging and communications in medicine file read-
ing [30,31]. An image segmentation process was executed
allowing to concentrate the segmentation efforts on a defined
region of interest (RoI). The RoI for our aortic phantom included
the ascending aorta, aortic arch, and descending thoracic aorta
(Fig. 2). The vessel’s lumen was extracted using a manual double-
threshold image segmentation method. The values of the threshold
were adjusted to extract the entire lumen of the aorta. This resulted
in unwanted anatomical structures with similar grayscale level in
the image, such as the spine, being included in the output volume.

The selected anatomical structure was exported into stereoli-
thography format and refined using computer aided design (CAD)
software packages including GEOMAGIC CONTROL (3D System Inc.,
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Geomagic solution, Rock Hill, SC), 3DS MAX DESIGN and MESH-

MIXER (AUTODESK, Inc., San Rafael, CA). At this stage, the 3D
model was smoothened freed from noise and artifacts derived by
the thresholding method.

2.2 Tensile Tests. Four materials were considered to manu-
facture the phantom [31]: TangoBlackPlus FLX 980 (Stratasys,
Inc.), Eco-Flex 00-30, Eco-Flex 00-50, and Dragon Skin 30
(smooth-on). The material selection was driven by material
choices for vascular phantoms found in Refs. [26,28], and [32].
TangoBlackPlus FLX 980 is a rubber-like material that can be
3D-printed by an Objet500 Connex3 printer by Stratasys, Inc. The
silicone and rubber materials by smooth-on are composites relying
on dipping [33] or casting [34] manufacturing techniques. Each
material was characterized by means of uniaxial tensile test result-
ing in a descriptive stress–strain curve. According to international
standard protocols [35], ten 1 mm thick specimens for each mate-
rial were prepared (by molding or 3D printing) with the profile
shown in Fig. 3. Tests were conducted applying a constant

deformation rate of 20 mm/min. Data processing and analysis was
performed using MATLAB. For each test, nominal stress and strain
were computed following equations:

r ¼ F

A0

(1)

e ¼ l� l0ð Þ
l0

(2)

In Eq. (1), r is the engineering stress and does not consider the
decrease of the cross-sectional area during the loading phase. This
value can be determined by dividing the applied load F measured
instantaneously by the load cell and the cross-sectional area of the
specimen at rest A0. The true deformation e is computed as
the ratio between the elongation l� l0ð Þ and the initial length l0 of
the specimen.

Results indicated an elongation at break of about 500% for all
silicone materials and 120% for TangoBlackPlus. To remain

Fig. 1 Flowchart of the design process: In the initial step, the aorta was segmented within the patient’s CT scan. Following
experimental characterization and numerical description of selected material, the phantom was created using silicone mate-
rial. The final prototype was validated according to mechanical properties.

Fig. 2 Segmentation process leading to the extraction of a smooth lumen of the aorta: A
double-threshold method was applied to the raw CT-data in 3Dslicer. The 3D reconstruction
was then imported in Meshmixer and smoothened to finally obtain the final model of the aorta.
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within the elastic boundaries of the material and consider the max-
imum deformation of the human vessel tissue, results were
obtained for up to 200% for the silicone materials and 100% for
TangoBlackPlus.

2.3 Material Models in Finite Element Analysis. All mate-
rials were mathematically modeled to conduct a finite element
analysis (FEA). A polynomial function was fitted to the uniaxial
test data, obtaining plots shown in Fig. 4. The values of mean
stress and the associated standard deviation are reported in
Table 1.

The geometry and stress–strain curves of the aforementioned
specimens (see Fig. 3) were imported into ABAQUS CAE. A static
step was defined to have a sufficient amount of samples describing
the stress–strain response of the materials. Boundary conditions
were defined to replicate the actual testing conditions: the bottom
surface of the parallelepiped was fixed using the “Encastre”
boundary condition to constrain translation and rotation along all
axes. The top surface, on the other hand, was fixed avoiding any
vertical movement. A displacement was applied to right-hand side
using a ramp waveform. With no loss of generality, the part was
meshed using a 20-node quadratic brick (C3D20RH Abaqus ele-
ment type). A total of 20 simulations were carried out modeling
the four materials with five different hyperelastic models: Ogden
(first-, second-, and third-order), Neo-Hookean and reduced poly-
nomial with second-order (for details see Appendix).

The results obtained for the constitutive models were compared
with experimental stress–strain curves, computing the mean-
squared-error (MSE) and performing a paired t-test with a 5% sig-
nificance level. The results are shown in Table 2. The constitutive
model with a lower MSE highlighted in Table 2 and was selected
to describe the specific material.

2.4 Finite Element Analysis Vessel Modeling. In order to
assess the most suitable material to be used for the manufacturing
of the phantom, FEAs provided a description of the compliance
for all considered materials at different wall thicknesses under
physiological pressures. The simulated geometrical model is a
hollow tube with patient-specific dimensions retrieved from the
CT scan pressurized at 100 mmHg. Two sets of simulation were
performed:

(1) Inflated phantom with physiological blood pressure
(80–120 mmHg), surrounded by water at atmospheric pres-
sure and

(2) Inflated phantom with physiological blood pressure
(80–120 mmHg), surrounded by water at static pressure of
100 mmHg.

The material properties of the vessel were defined according to
Ref. [36] as graphically shown in Fig. 5. The boundary conditions
were set to constrain any displacement and rotation along longitu-
dinal and circumferential directions (see Fig. 6) because the simu-
lated vessel wall is only a section of the entire vessel model. The
model was then meshed using the C3D20RH Abaqus element
type. A constant pressure equal to 100 mmHg was applied to the
outer surface, and the internal displacement computed.

Since the simulation model was obtained from the CT scan at a
mean aortic pressure of about 100 mmHg, an equivalent model
geometry at 0 mmHg was created for these two sets of simulation.
An idealized section of this vessel anatomy was generated in Aba-
qus CAE

VR

with a simplified hollow tube model. In order to
increase the resolution of the element, an axial-symmetric element
was created by revolving a 20 deg rectangular vessel section with
an inflated radius of 13.38 mm, inflated thickness of 2.4 mm,
radial displacement of 1.62 mm and deflated radius of 11.74 mm
as shown in Fig. 6.

2.4.1 Simulation Under Atmospheric Pressure. Based on the
virtual phantom model, the first simulation experiment involved
applying a pressure of 80 mmHg and 120 mmHg when varying the
thickness of the phantom wall. The displacement of the wall and
the distensibility value were computed for these pressures for all
four materials. The results are shown in Fig. 7.

The compliance curve of each material exponentially decreases
with an increase in wall thickness. The shaded area in Fig. 7 visu-
alizes the physiological range of the aortic vessel wall. Tango-
BlackPlus FLX 980, Eco-Flex 00-30, and Eco-Flex 00-50 achieve
the distensibility within this interval. Further, the displacement of
the inner wall of the hollow tube model was explored (Fig. 8).
Starting from a deflated geometry, the model should behave like a
vessel by reaching the same distensibility value. It is important to
note that, on the other hand, this behavior is achieved with a mean
radius similar to the original one. Hence, the internal radius at
80 mmHg and 120 mmHg was compared to the original dimen-
sions of the CT scan (Fig. 8).

2.4.2 Simulation With Externally Applied Pressure. The sec-
ond simulation experiment aimed at determining the most suitable
material and wall thickness to be used in a condition where the
phantom is inflated with physiological blood pressure
(120–80 mmHg) and surrounded by water and at a pressure of
100 mmHg—approximating the condition where the aortic phan-
tom is placed in a closed and sealed housing. For the FEA, our
aforementioned hollow tube geometry was meshed using
C3D20RH element type imposing boundary conditions equivalent
to the ones applied in the first experiment. The model was then
inflated with 80 mmHg and 120 mmHg maintaining a constant of
100 mmHg pressure on the outer wall. The distensibility and dis-
placement values are shown in Fig. 9.

2.4.3 Material Assessment. The results from the first set of
simulations suggest that none of the examined materials would
allow manufacturing an aortic phantom capable of achieving
human-like distensibility without controlling the external pres-
sure. In fact, for all material-thickness combinations, if external
atmospheric pressure is considered, the physiological pressuriza-
tion of the vessel results in large displacements, which lead to loss
of the patient-specific dimensions. TangoBlackPlus seems to be
most suitable material for low thickness value of the aortic wall.
The drawback of this material is, however, that thin layers of
printed TangoBlackPlus are extremely fragile when stretched.

The second simulations, on the other hand, advise that physio-
logical dimensions can be maintained with the “inflated” vessel
geometry. All materials can reproduce human-like distensibility
values. TangoBlackPlus and Dragon Skin 30, however, achieve
the required behavior only with very thin wall thicknesses, at
which it is difficult to guarantee the adequate structural strength.
Hence, Eco-Flex 00-30 was chosen, as physiological compliance
values can be achieved with larger wall thickness values, similar
to the human aorta. The overall thickness of the phantom was set
to 2 mm, which resembles the physiological dimension.

2.5 Phantom Design and Fabrication. The silicone aortic
phantom was fabricated using a casting technique. This manufac-
turing process allows reproducing desired vessel wall thicknesses
and geometries, which are either equivalent to the ones extractedFig. 3 Specimen geometry used for the tensile tests
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from patient-specific imaging data or can be homogeneous across
the entire aortic phantom.

An stereolithography file of the aorta (of a 22 cm height)
obtained from the image segmentation procedure was imported
into the CAD software packages SolidWorks and Geomagic to
refine the mesh and build a second model, which represented the
outer surface, i.e., the outer mold, of the 3D solid vessel (see
Fig. 10). An offset value of 2 mm was applied to the 3D recon-
structed geometry of the aorta, creating a free chamber between
the inner and outer mold part for the silicone material. Centering
pins and holes were modeled on the internal and external molds,
respectively, to guarantee the correct alignment of the two main
elements during the casting process. The outer mold was designed
to be composed of multiple fitting parts. That highly simplifies the
extraction process of the silicone aorta after the curing process.
Each piece was 3D-printed with nylon using the Selective Laser

Sintering (SLS) technique (EOS Formiga P100). On the other
hand, the inner core was printed with the poly vinyl alcohol
(PVA), using a Delta Wasp Turbo 2040 FDM 3D printer. The
soluble nature of PVA allows to easily dissolve the inner core in
water avoiding the risk to damage the aortic phantom.

Figure 11 shows the resulting silicone aortic phantom embed-
ded inside a housing filled with de-ionized water. To allow
magnetic resonance (MR)-compatibility, the entire phantom con-
sisted of nonferromagnetic materials. The housing was made of
transparent acrylic material. Acrylic screws, gaskets, and sealing
silicone were used to make the housing watertight. Constraints to
the movement of the phantom were added at the inlet and outlet
of the vessel, where rigid connectors were used to ensure the inter-
face with external actuation systems, e.g., a pulse duplicator. A
small Windkessel compliance chamber with a volume of 200 ml,
designed according to Ref. [37], was connected to the phantom

Fig. 4 Stress–strain curves to characterize TangoBlackPlus FLX 980, Eco-Flex 00-30, Eco-
Flex 00-50, and Dragon Skin 30

Table 1 Mean stresses and standard deviations for nominal strain values in the interval [0.25,. . .,2]

Nominal strain value ð61%) 0.25 0.50 0.75 1 1.25 1.5 1.75 2

Eco-Flex 00-30 �r (MPa) 0.0154 0.0248 0.0320 0.0385 0.0461 0.0545 0.0655 0.0772
Standard deviations 0.0021 0.0032 0.0040 0.0052 0.0057 0.0068 0.0082 0.0095

Eco-Felx 00-50 �r (MPa) 0.0238 0.0387 0.0510 0.0640 0.0799 0.0993 0.1218 0.1459
Standard deviations 0.0021 0.0028 0.0032 0.0043 0..0050 0.0070 0.0089 0.0102

Dragonskin �r (MPa) 0.100 0.1763 0.02549 0.3410 0.4342 0.5349 0.6403 0.7407
Standard deviations 0.0101 0.0153 0.0232 0.0292 0.0357 0.0459 0.0580 0.0703

TangoPlus �r (MPa) 0.1280 0.2223 0.3085 0.3914 — — — —
Standard deviations 0.0035 0.0057 0.0106 0.0129 — — — —

Table 2 Mean-squared-error and p-values of the paired t-test between each constitutive model and the experimentally obtained
stress–strain curve after interpolation

Material Ogden first Ogden second Ogden third Red-Poly second Neo-Hooke

Constitutive models: mean-squared-error
Eco-Flex 00-30 1.41� 10�5 2.34� 10�6 3.14� 10�6 9.47� 10�6 2.25� 10�5

Eco-Flex 00-50 6.89� 10�5 1.22� 10�6 2.06� 10�6 4.33� 10�5 8.96� 10�5

Dragonskin 3.74� 10�4 7.43� 10�5 4.63� 10�5 2.00� 10�4 6.53� 10�3

TangoBlackPlus 1.60� 10�5 6.21� 10�5 5.68� 10�5 4.31� 10�5 3.87� 10�5

Constitutive models: p-value
Eco-Flex 00-30 0.0396 0.6534 0.2605 0.1608 0.0013
Eco-Flex 00-50 0.3469 0.7586 0.5021 0.6337 0.1834
Dragonskin 0.3439 0.7831 0.9440 0.4067 2.48� 10�7

TangoBlackPlus 0.4917 0.3982 0.3749 0.4485 0.9778

Note: For each hyperelastic model, the behavior predicted by the model was compared to the real one using a paired t-test. The shaded cells show close
agreement between the compared curves and, thus, are representative of that specific material.
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box via a hose. Hence, the compliance of the phantom can be
tuned adjusting the water–air ratio of the compliance chamber. A
throttle valve was added to the outlet of phantom to mimic the
systemic flow resistance of small vessels.

2.6 Validation Protocols. The mechanical properties of this
aortic phantom were analyzed through two sets of experiments,

aiming at characterizing both nonpulsatile (inspired by Biglino
et al. [26]) and pulsatile conditions (derived from the standard
protocol ISO 5840-3:2013).

2.6.1 Static Validation. The nonpulsatile analysis focused on
the distensibility of the phantom. A motorized syringe pump was
connected to the phantom (Fig. 12). A pressure sensor at the outlet
of the phantom monitored the internal phantom pressure.

Fig. 5 Stress–stretch behavior of the thoracic aorta as found in Ref. [35]

Fig. 6 Axial-symmetric modeling of the vessel (outer gray section) for numerical simulations.
Two boundary conditions were applied which constrain longitudinal and radial displacements.
Hence, the part can only move sliding along the BC1/BC2 planes.

Fig. 7 Compliance values of TangoBlackPlus FLX 980 (Stratasys, Inc.), Eco-Flex 00-30, Eco-
Flex 00-50, and Dragon Skin 30 (smooth-on) varying the thickness of the hollow tube model
(see Fig. 6). Except from Dragonskin, the materials achieve a distensibility value which is
within the physiological range (see shaded area) [36].
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Fig. 8 Wall thickness versus radius for all explored materials. Each material was tested at
80 mmHg (lower curve) and 120 mmHg (upper curve). The gray line at the bottom of the graph
shows the physiological reference radius that was obtained by the CT scan.

Fig. 9 Wall thickness versus compliance values for the four materials varying the thickness
of the hollow tube model. All distensibility curves intersect with the reference interval of the
physiological values according to Ref. [36].

Fig. 10 Three-dimensional CAD model of the mold used to fabricate the flexible phantom
aorta. The inner core is made of PVA, a dissoluble material. The outer mold is made of Nylon
and divided into voxels to allow the extraction of the silicone phantom after curing. The inner
mold is aligned with the outer one using distributed pins.
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Hence, the data of volume change and pressure inside the phan-
tom were collected and analyzed. On the one hand, the phantom
was filled to reach a nondeformed condition. Then, the syringe
was squeezed until a pressure of 120 mmHg was reached. During
the inflation process, the volume and pressure change were
recorded for the diastolic and systolic conditions. This procedure
was repeated for various compliance configurations by changing
the water level in the Windkessel compliance chamber in the non-
deformed condition.

The compliance of the aortic phantom was computed for differ-
ent water levels using the following equation:

C ¼
DV
V

DP
mmHg�1
� �

(3)

DV is the difference between the systolic and diastolic volume, V
is the diastolic volume, and DP is the difference between systolic
(120 mmHg) and diastolic (80 mmHg) pressure monitored by the
pressure sensor.

2.6.2 Pulsatile Validation. To investigate the behavior of the
phantom under pulsatile conditions, the phantom was connected

to a commercially available ViVitro pulse duplicator, simulating
the function of the heart by generating pulsatile flow. The experi-
ments were setup so that the pump ejected water under pressure
through the aortic valve inlet of the mock aorta, delivering the
flow exiting from the descending portion of the aorta to the
atrium, passing through the lumped after-load. This experimental
setup allows to investigate the distensibility of the aortic phantom
as well as the effect of the systemic resistance on the pressure
(controlled by the throttle valve) inside the phantom. Under pulsa-
tile flow, the vessel deformation was recorded by a high frame
ratio camera placed above the phantom. After calibrating the cam-
era’s intrinsic and extrinsic parameters, a segmentation algorithm
was implemented using the image processing MATLAB toolbox.
First, a RoI was manually selected showing a section of the aorta.
Then, a priori knowledge is given to the algorithm about the back-
ground of the images. Hence, the aorta could be segmented from
the series of images using thresholding resulting in the assessment
of the phantom’s compliance. The pressure inside the phantom
was recorded using a catheter tip pressure transducer interfaced
with the system. This experimental procedure was conducted for
various compliance configurations of the Windkessel chamber by
changing the water/air ratio in the compliance chamber. The
experiments were repeated for mean pressures of 80, 100, and
120 mmHg.

2.6.3 Magnetic Resonance Imaging Compatibility Test. An
MR scan was carried out on the phantom adopting a three-
dimensional fluid attenuated inversion recovery. This sequence
allows to strongly reduce the signal arising from the silicone,
resulting in a better contrast on the wall of the phantom thanks to
the surrounding water. The phantom was scanned twice: in
deflated (0 mmHg) and inflated (120 mmHg) conditions.

3 Results and Discussion

3.1 Nonpulsatile Test. The results of the nonpulsatile tests
are summarized in Table 3. The compliance values of the phan-
tom are determined for a series of water level inside the Windkes-
sel compliance chamber. With an increasing water/air ratio, the
compliance of the phantom decreases. The low values of standard
deviation demonstrate the repeatability and accurate control in the
compliance values of the aortic phantom. This analysis quantifies
the distensibility of the aortic section at the aortic arch under

Fig. 11 Overall setup of the developed phantom. The vessel
(gray) was manufactured using a casting procedure and then
placed into an acrylic water-tight housing connected to a com-
pliance chamber. The water surrounding the phantom in the
housing ensures the physiological orientation. The level of
water inside the compliance chamber can be adjusted using the
luer lock valve. The two chambers are connected via a 10 mm-
diameter rigid tube.

Fig. 12 Static validation setup. The phantom is placed inside the housing and filled up with
water. The inlet of the vessel is closed. The outlet of the phantom is connected to a pressure
sensor. The aortic branch is actuated using a syringe pump. The system is controlled via a
user interface and an Arduino board.
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various constraints with regards to the pressure inside the phantom
and the Windkessel compliance configuration. The range of
resulting distensibility values in Table 3 are in fact in close agree-
ment with the physiological values. In particular, considering the
wall thickness of the model presented in this work (2 mm), and
the standard deviation, the distensibility found fits in the range
1.9–3.7 10�3 mmHg�1 reported by Baeck et al. [32].

3.2 Pulsatile Test. For a number of water levels inside the
Windkessel compliance chamber and pressures inside the phan-
tom, a pressure waveform and a diameter variation of ten cardiac
cycles were analyzed. Parameters such as the minimum, maxi-
mum, and mean pressures, compliance of aortic phantom as well
as standard deviation were computed as shown in Table 4.

Figures 13 and 14 show aortic pressure waveforms for a con-
stant Windkessel compliance and a constant mean pressure inside
the phantom of 100 mmHg, respectively. In Fig. 13, three aortic
pressure waveforms for three different configurations three curves
representing 80, 100, and 120 mmHg are shown. These configura-
tions have the same compliance value and different mean pressure
as result of a change in the lumped resistance module. The curves

appear very similar in shape, with a constant offset. In Fig. 14, on
the other hand, three waveforms with the same mean pressure of
100 mmHg and different compliance values (i.e., different water/
air ratios inside the Windkessel chamber) are depicted. In this
case, the pulse pressure changes according to the level of distensi-
bility achievable by the phantom.

This pulsatile analysis investigates the behavior of the phantom
under dynamic conditions. As it can be seen in Fig. 13, the pres-
sure rises with a semirigid shift for a fixed compliance value as
the systemic resistance increases. For the same mean pressure
value, the compliance of the system affects the aortic pulse pres-
sure rising for low level of compliance and decreasing for high
values of compliance. This behavior is evident in real physiologi-
cal conditions, where the lack of compliance of the arteries, due to
stiffening of their wall leads to a higher DP and an increased sys-
temic resistance, resulting in an overall state of hypertension
[38,39]. The pressure curve both in systole and in diastole follows
the physiological trend. Moreover, the phantom is able to mimic
the dicrotic notch that occurs after the systole [40].

However, an undesired behavior is shown for high values of
compliance—another peak appears after the notch (see Fig. 14,
0% water). This behavior could be due to the fact that the

Table 3 Results of the nonpulsatile test

Water level inside Windkessel (mm) 10 20 30 40 50 60 70 80 90
Compliance (mmHg�1 10�3) 2.14 1.96 1.82 1.70 1.56 1.43 1.27 1.13 1.07

Standard deviations (10�5 mmHg) 1.94 0.46 2.09 1.83 1.47 1.38 0.55 1.18 0.73

Note: For each water level in the compliance chamber, the distensibility value of the aortic phantom is determined.

Table 4 Results of the pulsatile tests

Configuration (mm Hg) Standard deviations (mmHg) Pmin Pmean Pmax Compliance (mmHg�1 10�3)

100% water, 120 0.38 89.61 125.23 184.34 0.79
100% water, 100 0.44 64.94 103.22 165.42 0.83
100% water, 80 0.72 44.54 83.61 146.11 1.00
50% water, 120 0.66 97.35 121.40 152.63 1.56
50% water, 100 0.28 75.69 102.33 134.96 1.45
50% water, 80 0.34 52.27 83.30 119.00 1.58
0% water, 120 1.03 106.43 124.71 150.98 1.77
0% water, 100 0.23 81.01 100.40 127.10 2.04
0% water, 80 0.25 58.97 79.97 108.62 2.06

Note: For a number of water levels inside the Windkessel chamber and mean pressures of 80, 100, and 120 mmHg, pressure values and the compliance of
the aortic phantom vessel using visual tracking are determined.

Fig. 13 Pressure curve of the aortic phantom: The compliance chamber is filled with water.
The aortic pressure waveform change is due to an increase in the lumped systemic resistance
by acting on the throttle valve. The three curves represent 80, 100, and 120 mmHg.
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phantom undergoes a rise in pressure during the diastole due to
the movement of a certain amount of water from the housing to
the Windkessel compliance chamber that takes few millisecond
to drop back in the phantom housing. The presence of this peak
impairs the achievement of a perfect physiological behavior of the
pressure curve.

3.3 Magnetic Resonance Compatibility Test. In Fig. 15, the
result of the MR scan is shown proving two descriptive views of
the reconstructed volume. On the left, the top view of the phantom
in its deflated and inflated state is given. On the right-hand side,
the cross-sectional view of both conditions is depicted.

The third and last validation protocols support the MR compati-
bility claim with practical results. From Fig. 15, two conclusions
can be inferred: The manufacturing process was sufficiently pre-
cise as the overall thickness of the phantom is reasonably uniform.
The second observation concerns its behavior when inflated: the
deformation of the vessel occurs toward the exterior of the hous-
ing. This behavior is in agreement with the asymmetric distension
observed in vivo with MRI scans on healthy volunteers reported
by Van Prehn et al. [41].

4 Conclusions

In this paper, we describe a tunable compliant vascular phan-
tom that was designed, created and validated with a novel
approach based on FEA. The obtained phantom performance was
assessed in static and dynamic behavior with respect to clinically
relevant mechanical properties. The phantom shows values of

compliance in the physiological range. Both, the pressure curves
and the asymmetrical behavior of the expansion are in agreement
with the literature. To the best of our knowledge, this is the first
description of a novel design of a vascular phantom with the tuna-
ble compliance. The described methodology offers a frame of ref-
erence for developing mock circulatory systems in healthy and
pathologic conditions, which have high potential to be used in a
broad range of environments.
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Appendix

A brief explanation of the formulation of the hyperelastic mod-
els used and their strain energy functions U is given in
Eqs. (A1)–(A3) [42]

Ogden U
def XN

i¼1

2li

a2
i

kai

1 þ kai

2 þ kai

3 � 3
� �

þ
XN

i¼1

1

Di
Jel � 1ð Þ2i

(A1)

Ogden strain energy potential is expressed in terms of the princi-
pal stretches. The order N of the strain energy function has been
considered up to the third-order. For each order, ai, li, and Di val-
ues have been directly computed by the software. ki are the princi-
pal stretches

Fig. 14 Pressure curve of the aortic phantom at 100 mmHg: The Windkessel compliance
chamber is filled with 100%, 50%, and 0% water

Fig. 15 Overlapping of two scans of the same phantom at 0
and 120 mmHg pressure
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Reduced Polynomial U
def XN

i¼1

Ci0
�I1 � 3ð Þi þ

XN

i¼1

1

Di
Jel � 1ð Þ2i

(A2)

This is a particular form of the polynomial model where, also in
this case, Ci0 and Di are temperature-dependent material parame-
ters computed directly by the software. If the order N is equal to
1, the Neo-Hookean form is obtained

Neo� Hookean U
def

C10
�I1 � 3ð Þ þ 1

D1

Jel � 1ð Þ2 (A3)

In all these formulation, �I1 is the first deviatoric strain, Jel is the
elastic volume ratio.
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