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a b s t r a c t
Abdominal aortic aneurysm (AAA) is an asymptomatic condition due to the dilation of abdominal aorta
along with progressive wall degeneration, where rupture of AAA is life-threatening. Failures of AAA endovascular repair (EVAR) reﬂect our inadequate knowledge about the complex interaction between the
aortic wall and medical devices. In this regard, we are presenting a hydrogel-based anthropomorphic
mockup (AMM) to better understand the biomechanical constraints during EVAR. By adjusting the cryogenic treatments, we tailored the hydrogel to mimic the mechanical behavior of human AAA wall, thrombus and abdominal fat. A speciﬁc molding sequence and a pressurizing system were designed to reproduce the geometrical and diseased characteristics of AAA. A mechanically, anatomically and pathologically realistic AMM for AAA was developed for the ﬁrst time, EVAR experiments were then performed
with and without the surrounding fat. Substantial displacements of the aortic centerlines and vessel expansion were observed in the case without surrounding fat, revealing an essential framework created by
the surrounding fat to account for the interactions with medical devices. In conclusion, the importance
to consider surrounding tissue for the global deformation of AAA during EVAR was highlighted. Furthermore, potential use of this AMM for medical training was also suggested.
© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Abdominal aortic aneurysm (AAA) is characterized by the dilation of the abdominal aorta due to a progressive wall degeneration and stiffening that are often associated with the development
of intraluminal thrombus (ILT). It is an asymptomatic pathological condition that may lead to aneurysm rupture which carries an
in-hospital mortality rate of more than 50% [1]. Rupture prevention is based on aneurysm exclusion which can be done either by
open repair or by the less invasive endovascular repair (EVAR) us-
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ing stent-grafts (SG). Both treatments present immediate as well as
long-term risks to the patient and should be reserved to the cases
where the risk of rupture outweighs surgical risks [2]. EVAR is often preferred because of its lower morbidity and mortality as compared with open repair (1.6% versus 5%) [3–5]. This advantage is
lost after four years owing to excess late deaths in the EVAR group
due to aneurysm complications, in particular endoleaks [5] (residual ﬂow around the SG). Over the past two decades, the EVAR
technology has evolved substantially to enhance procedural success and long-term durability. This has expanded the patient population that can be treated by EVAR [6]. Currently, patients with
more challenging anatomies (short and angulated aneurysm neck)
are treated outside the instruction for use, leading to an increase
of adverse event and mortality [7]. More complex EVAR procedures
are now performed to extend the sealing zone of the SG proximal to the origin of renal and digestive arteries by the creation
of fenestration or branched devices or using chimney techniques
to preserve the patency of those vessels [8]. However, many challenges remain, such as the proper SG selection, the catheter navigation in tortuous arteries, the geometrical ﬁt between SG and
aortic wall, and the alignment of fenestration or side branches for
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fenestrated, branched grafts or chimney techniques. Current complications of EVAR reﬂect our inadequate knowledge and experience of the biomechanical interaction between the aortic wall and
the medical devices (i.e., SG and catheters). Not only the anatomical feature of AAA, but also the aortic wall degeneration characteristics (i.e., wall stiffening and development of ILT) may all be the
contributing factors.
With the blooming development in SG designs (third generation
SG, endovascular sealing system [9]) and EVAR approach (endoanchor technique [10] to improve the proximal seal), a better understanding of the biomechanical interaction between the SG and
the AAA is becoming critical. However, most biomechanical tests
cannot be implemented directly with living human tissue, rendering the vascular mockup an interesting alternative. On the other
hand, mockups can be standardized, allowing the experiment to be
reproducible, and alleviating experimental limitations due to the
cross-species and cross-specimens variability. Of note, most current
AAA mockups are developed without considering the surrounding structures [11–13], which may not reﬂect the realistic behavior of AAA during EVAR. Owing to the diverse morphological characteristics and unclear pathological implications of AAA surrounding tissues [14–18], its biomechanical role has not been studied
extensively. Limited studies have demonstrated that the surrounding tissues, especially the abdominal fat and spine, not only constrain AAA deformation but also redistribute wall stress, suggesting
the importance of including surrounding tissues in clinical evaluation and treatment planning [19–21]. Hence, an anthropomorphic mockup (AMM) representing the major mechanical, anatomical and pathological characteristics of AAA as well as surrounding
tissues is in demand.
Although various synthetic materials have been considered for
vascular mockups, especially the silicone which can be easily fabricated in low cost, the selection of materials with desirable mechanical strength and friction property remains limited [22]. Hydrogel has been well known for its biocompatibility, degradation
kinetics and mass transfer properties; hence, it is often used for
tissue engineering, regenerative medicine and artiﬁcial implants
[23]. Speciﬁcally, the cryogenic polyvinyl alcohol (PVA-C) hydrogel, having excellent compatibility with various medical imaging
modalities (ultrasound, CT and MRI), is becoming a popular synthetic material for vascular research. Being a cryogel obtained
through speciﬁcally designed freezing-thawing cycles, the PVA-C
can exhibit non-linear elastic behavior and therefore becomes an
excellent candidate to study human soft tissue. By adjusting parameters during PVA-C fabrication, such as the number of the cryogenic cycles, the freezing and thawing rate, the freezing duration
and temperature, the mechanical strength of PVA-C can also be
tailored to simulate a wide range of biological soft tissues [24–
27]. Several studies have also developed PVA-C specimens to investigate the mechanical behavior of human coronary and aortic
arteries, with and without diseased characteristics, for example
the presence of a lipid pool [28–32]. In addition, the high-watercontent property of PVA-C minimizes the surface friction and interfacial energy in contact with biological ﬂuid [33], making this
hydrogel an ideal candidate to mimic the interior side of blood vessels.
In the present study, we aimed to develop an AMM of AAA
that is mainly composed of PVA-C, which could exhibit the major mechanical, anatomical and pathological characteristics of human AAA and surrounding structures. Such AMM thus provides
an essential path to reverse engineer the complex biomechanics
of the aortic wall, as well as the interaction with medical devices. EVAR experiments have also been performed with our AMM,
and the results highlight the biomechanical effect of surrounding
tissues, which is often omitted in simulations of EVAR planning
tools.
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2. Materials and methods
2.1. AMM design and development
A patient-inspired AAA model generated from a previous work
[34] was adopted for the AMM in this study. This model eliminated
the geometrical irregularities in patient-speciﬁc cases but still well
represented the common anatomical and pathological characteristics of human AAA. By varying the parameters during hydrogel fabrication, we tailored the mechanical elasticity of the PVA-C very
similar to that of human AAA wall, ILT [35] and abdominal fat
[36]. A speciﬁc molding-demolding technique with either interconnected or dissolvable molds was applied to reproduce the anatomical and pathogenic features. An air-tight system was designed to
maintain the intraluminal and abdominal pressure, and to encase
the surrounding tissue such as the abdominal fat and the spine.
2.1.1. Hydrogel preparation
A commercial grade, fully hydrolyzed and soluble polyvinyl alcohol powder (P1763 Sigma-Aldrich) was used. The weight concentration of PVA-C solution was 10%, which allowed a relatively
low viscosity to facilitate bubbles release during molding steps.
First, the PVA-C powder must be completely dissolved in water at
100 °C, then cooled down and injected into the molds for cryogenic
treatment in a temperature-controlled freezer.
Based on our previous experience [28], the cryogenic treatment
was designed as follows: each cycle was ﬁrst frozen at a rate of
0.333 °C/min to −20 °C and rested for two hours, then thawed
at a rate of 0.08 °C/min to 10 °C and rested for another two
hours. A thermal couple was inserted at the center of the molds to
monitor temperature variations. Numbers of studies have demonstrated that repeated thermal cycling of PVA-C can increase the
crystallinity in the hydrogel, thereby increasing its elastic modulus [37–42]. Therefore, PVA-C specimens with the same cryogenic
treatment but different number of cycles were fabricated to determine the optimal number of cycles for each application (stiffen
aortic wall, ILT and abdominal fat).
2.1.2. Mold fabrication
Due to the complexity in our model geometry, rapid prototyping technology (P430, Dimension Elite, Stratasys, print in acrylonitrile butadiene styrene) was ideal for mold fabrication. However,
an eﬃcient and equilibrium heat transfer through the molds was
critical to ensure proper temperature control. Molds were therefore
designed in a uniform thickness of 2 mm to facilitate heat transfer.
Once the molds were fabricated, surface treatments were needed
to ensure the surface smoothness so that bubble formation during
PVA curing can be avoided, without affecting much of the original
mold thickness (ﬁnal mold thickness 2 ± 0.1 mm).
2.1.3. Realistic anatomy
In order to create a tubular and bifurcating vessel in one piece,
the ﬁnal mold design consisted of a detachable inner mold, the
outer molds that can split in two halves, and three caps at all
ends to properly seal and align the inner and outer molds. For human AAAs, Raghavan et al. have reported the wall thickness varied from 0.23 mm to 4.26 mm [43]. A uniform thickness of 2 mm
along the AAA, as the mean of those values, has been commonly
adopted in AAA computational models [44–47] and thus, also considered in this study. As such, the space between the inner and
outer molds was designed to remain at 2 mm. To combine PVAC parts with different mechanical strength, a multi-layer molding
technique (Fig. 1) along with a speciﬁc molding sequence during
PVA-C fabrication was applied. Speciﬁcally, after three cycles of
cryogenic treatment, the second set of outer molds (same dimension but without ILT extrusion) was used, so that PVA-C solution
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having deep grooves, so that the vessel could be fastened by cable ties to prevent leakage. At distal end, these couplers were also
attached to the percutaneous sheath introducers (PSI) to provide a
hemostatic seal and the access of catheters during EVAR. The port
from one PSI was used to inject contrast agent, whereas from another PSI was connected to a balloon catheter inﬂation device via
a pressure transducer (Vivitro Labs Inc.), to monitor the intraluminal pressure at 100 mmHg (ViviTest 4.0). The abdominal pressure
inside this system was maintained manually at 12 mmHg [48], by
a dial manometer along with inﬂation bulb.
2.2. Mechanical properties

Fig. 1. Multi-layer molds for the addition of ILT.

2.2.1. Tensile tests
PVA specimens with two to ten thermal cycles were tested and
compared with soft tissue values from literatures. Uniaxial tensile
tests were carried out using a mechanical tester (Bose, Enduratec
ELF 3200). All samples were cut into rectangular strips of 40 mm
by 10 mm with a uniform thickness of 2 mm (to mimic averaged AAA wall). Immediately upon fabrication, all samples were
stored in water at 5 °C, and then equilibrated to room temperature (~24 °C) an hour prior to mechanical testing. Two clamps
with saw-tooth surface were employed to provide ﬁrm gripping
of the samples during stretching. According to our previous study
[28], six preconditioning cycles were performed prior to the actual
test of a maximum 50% extension at a constant speed of 0.1 mm/s.
Three samples were repeated for each set of cryogenic treatment.
The applied force F and displacement l were recorded and the
stress–strain curve obtained by calculating the Cauchy stress σ and
engineering strain ε as follows (A: current cross-section area; L:
initial length).

σ=

F
,
A

ε=

l
L

Assuming incompressibility, the sample volume v at any given
strain should be conserved. Hence, A and the stress at any given
strain σ was adjusted as follows (A0 : initial cross-section area).

A=

σ=

Fig. 2. Anthropomorphic system to encase PVA-C vessel with ILT (red ink added to
visually distinguish ILT from aortic wall), surrounding PVA-C fat, radiopaque spine,
and to maintain abdominal and intraluminal pressure.

could be injected through a small opening to the site of ILT, then
together cured for ﬁve more cycles to create an ILT attaching to the
AAA wall. As renal artery ostia are the important landmarks during EVAR, two glass beads were embedded into the PVA-C wall at
those locations.
2.1.4. Anthropomorphic system
In order to represent the major pathological characteristics of
AAA, some surrounding tissues as well as the intraluminal and
abdominal pressure were included in this AMM (Fig. 2). A thick
layer of PVA-C fat cubes (3–6 cm) was laid over the whole vessel to mimic the surrounding fat; it was gently wrapped by a customized cotton-mesh envelop without compressing the vessel. An
air-tight plexiglass container was developed to encase the vessel
along with abdominal fat and a radiopaque spine (LSS-10, AMS
Labs Inc.), to allow for optimal exposure with various imaging
techniques. The spine was glued and attached ﬁrmly at the bottom to eliminate dislocation during EVAR. The proximal and distal ends of vessel were carefully slipped over the mockup couplers

v
L + l

=

A0 × L
A0
=
L + l
1+ε

F
× (1 + ε )
A0

Since some of our measurements involved larger strain values,
the engineering strain ε mentioned above may not reﬂect the large
strain behavior. Hence, Green strain tensor was used, where the
only non-zero component Exx for uniaxial tension was calculated
as follows (assuming tension along x-direction).

Exx =
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+
=
+
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2.2.2. Friction tests
The goal was to assess the friction behavior of our AMM interacting with EVAR catheters, especially the polymeric sheath with
a hydrophilic coating, and then compare the results with that of
human aortic tissue and the tissue-mimicking silicone.
The tests were carried out using a Biomomentum Mach 1
v500csst with the experimental set-up as illustrated in Figure 3.
The catheter sheath was cut and ﬂattened into a rectangular strip,
then gently mounted to the bottom of a shaft (15 mm × 15 mm
contact area) connecting to the load cell. With the high-precision
multi-axial load cell, friction forces FT were measured while a
range of normal loads FN were applied: 0.1 N (equivalent to force
during smooth catheter navigation), 1 N, 2 N and 3 N (equivalent to force during SG deployment) [49]. Three types of specimens were tested: PVA-C mimicking human AAA wall (number of

Z. He, R. Mongrain and S. Lessard et al. / Medical Engineering and Physics 77 (2020) 60–68

63

Fig. 3. Schematic illustration of friction test experimental setup.

cryogenic cycles determined after tensile tests), three kinds of silicone commonly used for vascular mockups (Sylgard 184 silicone
elastomer from Dow Corning, Mold MaxTM 20 and Mold MaxTM
XLSTM II from Smooth-On Inc.) [50–53], and diseased human AAA
tissue (anterior abdominal aortic region, obtained following aortic reconstruction surgeries at Montreal Heart Institute with ethical approval, refrigerated in phosphate buffered saline and tested
within 24 h). Water was ﬁlled up to the contact surface and all
experiments were conducted at room temperature (~24 °C).
With the aim of obtaining the Stribeck curves (friction coeﬃcient vs. sliding velocity) to better describe the friction behavior, a
set of constant sliding speeds were tested for a sliding distance of
80 mm: from 0.5 mm/s to 50 mm/s, with an increment of 5 mm/s.

Fig. 4. Stress–strain behavior of PVA-C gel with 6, 8 and 10 cryogenic cycles compared to that of human AAA tissue from literature.

osity, whereas AMM has 0.22 iliac tortuosity) were selected from
our recent patient database (with ethical approval). Similar centerline extractions were repeated for each patient, and the centerline
displacements at different EVAR stages were compared to relevant
values from AMM experiments.
3. Results

2.3. EVAR experiment
3.1. Biomechanically realistic
EVAR experiments were performed using our AMMs by an interventional specialist in a realistic clinical set-up (Artis-Q, Siemens
Healthineers, Forccheim, Germany). One shot and cone beam CT
(CBCT) scans were acquired during every stage of EVAR (6 s C-arm
spin, 0.47 × 0.47 × 0.47 mm voxels and 24 × 24 × 18.5 cm acquisition volume). 3D models of the lumen and SG were also reconstructed by thresholding technique (lumen < 250 HU; SG > 10 0 0
HU [54] ) and snake evolution with ITK-SNAP (version 3.6.0) to verify proper deployments.
While keeping the abdominal pressure stable, the vessel expansion along with a gradual increase of luminal pressure (80 mmHg
to 160 mmHg) was also recorded by CBCT scans prior to EVAR
experiments. For each set of AMM, three zenith SG (TFFB-24-82ZT, ZSLE-20-56-ZT, ZSLE-24-74-ZT, Cook Medical, Bloomington, IN)
were deployed over a Lunderquist Wire (Cook Medical). Note that,
for each experiment, new SGs were deployed in a new PVA-C
mockup in order to prevent any unexpected device damages while
retrieving SGs, as well as damages on the aortic wall due to anchoring hooks from SGs. The main body and the right iliac artery
were inserted through the right limb of the AMM whereas the left
iliac artery was inserted through the left limb of the AMM. One
shot acquisitions and ﬂuoroscopy scenes were saved during the insertion of guide wires, delivery devices and SG deployment. Similarly, CBCT acquisitions were acquired both before and after these
procedural steps.
To study the effect of surrounding tissue, two sets of AMMs
were considered for the same EVAR treatments: one with surrounding abdominal fat and the other one without it. The centerline of lumen along the aorta at every stage was computed by
the Vascular Modeling Toolkit (version 1.4.0), and the displacement of centerline was obtained from the Hausdorff distance calculated by MATLAB (version R2018a). In order to conﬁrm our experimental observations with clinical data, three anonymous EVAR
patients with AAA characteristics similar to our AMM (almost no
calciﬁcation, small eccentric thrombus and 0.18–0.39 iliac tortu-

With the results of uniaxial tensile tests, the numbers of cryogenic cycles for speciﬁc applications (AAA wall, ILT and abdominal
fat) were determined. Standard deviations for our experimental results were very small and hence not shown in the following plots.
The elastic behavior of PVA-C cured with 6, 8 and 10 cryogenic
cycles were compared to that of human AAA wall [55]. An excellent agreement between eight-cycle PVA-C and human tissue was
observed up till 20% strain (Fig. 4), indicating eight cryogenic cycles as the most suitable treatment to mimic AAA wall.
For human ILT, the stress–strain behavior of our PVA-C with 4
and 5 cryogenic cycles was found to be closest to the human values reported in the literature [56]. Assuming the ILT to be homogeneous and isotropic, results suggested that PVA-C with ﬁve cycles
could better represent the averaged stress–strain values from literature (Fig. 5) and thus, was selected to mimic human ILT.
Comparing the uniaxial tensile stress of PVA-C with two cryogenic cycles to that of human abdominal fat [36], one should notice
that the stress–strain curve of this PVA-C lies between the curves
of human fat in both longitudinal and circumferential directions
(Fig. 6), conﬁrming it to be the optimal selection to approximate
human abdominal fat.
For friction behavior between the catheter sheath and PVA-C,
silicone or human aortic tissue under a normal load of 0.1 N, results clearly indicated that friction coeﬃcients of PVA-C at various
sliding velocity were similar to those of human AAA wall, whereas
the tissue-mimicking silicone carried much higher friction coeﬃcients (Fig. 7, left). Hence, PVA-C was conﬁrmed to be an ideal
candidate for mockups to investigate the biomechanical interaction
between human vessel and endovascular devices. In addition, the
Stribeck curves (Fig. 7, right) describing the relationships between
sliding velocities and friction coeﬃcients of PVA-C, as well as human aortic tissue, revealed that friction coeﬃcients generally decreased as sliding velocities increased (≥ 5 mm/s). This was commonly observed for all normal loads except for 0.1 N which shifted
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Fig. 6. Stress–strain behavior of PVA-C gel with 2 cryogenic cycles compared to that
of human abdominal fat (long.: longitudinal direction; circ.: circumferential direction) from literature.
Fig. 5. Stress–strain behavior of PVA-C gel with 4 and 5 cryogenic cycles compared
to that of human ILT (long.: longitudinal direction; circ.: circumferential direction)
from literature.

drastically upwards in both cases, potential cause will be discussed
later.
3.2. Anatomically and pathologically realistic
The PVA-C vessel with bifurcating iliac arteries has been fabricated using detachable molds with inter-locking system (Fig. 1).
The relatively softer ILT (Fig. 2) has also been created through
fewer cycles of cryogenic treatment and cross-linked ﬁrmly to the
vessel wall through the multi-layer molding technique. Having assembled the vessel to the anthropomorphic system with the static
luminal and abdominal pressure, no leak was observed through the
vessel wall; in addition, no pressure change was recorded in the
vessel and the surrounding space. To conclude, an AMM representing the major anatomical and pathological characteristics of AAA
has been successfully developed using our proposed method.

3.3. Mockup EVAR experiment
To mimic a cardiac cycle with the intraluminal pressure varied
between 80 mmHg (diastolic) and 160 mmHg (systolic), a pressure
gradient of 80 mmHg was applied. In the case with surrounding
fat, vessel expansion was minimal (1.8% in diameter and 3.4% in
area) with an 0.4 overall distensibility (area change/pressure gradient, unit in 10−5 Pa−1 ); whereas in the case without surrounding
fat, signiﬁcant vessel expansion (9.4% in diameter and 21% in area)
with a 2.1 overall distensibility was observed (Fig. 8).
While performing EVAR using our AMM without surrounding
fat, the vessel deformation during SG deployment was more vigorous than what we could observe clinically. By comparing the
aortic centerlines at different navigation and deployment stages
to the one at initial stage, we observed the maximum displacement occurred at the deployment stage with a Hausdorff distance
of 29.6 mm (Fig. 9). While the surrounding abdominal fat was
present, the range of motion during EVAR appeared within the ex-

Fig. 7. Comparison of friction coeﬃcients of different materials with 0.1 N normal load (left); comparison of Stribeck curves of PVA-C and human aortic tissue (right).
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Fig. 8. Vessel expansion with intraluminal pressure. Two dots outside the lumen indicate the location of renal artery ostia.

Fig. 9. Vessel displacement and deformation during EVAR navigation and SG deployment stages.

pectation of our medical specialists. The maximum centerline displacement was also found at deployment stage with a Hausdorff
distance of 6.7 mm, signiﬁcantly smaller than the case without surrounding fat. While applying the same method to clinical data, the
maximum centerline displacements for all selected patients were
found during SG deployment as well, with the Hausdorff distances
being 6.8 mm, 7.2 mm and 12.3 mm. Hence, the aortic centerline
displacements during EVAR in the case of AMM with surrounding

tissue better agree with the range of aortic centerline deviation observed clinically.
4. Discussion
In general, tensile test results matched well with our previous observations in a more detailed study for PVA-C mechanical
characterization [28], conﬁrming the reproducibility of the desired
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elasticity in PVA-C. For the AAA wall, although the elastic modulus of human tissue increases much faster after 25% strain, the
stress–strain curve of PVA with eight cycles displays an excellent
match with human AAA tissue under 20% strain. Keeping in mind
that the objective in this study is to develop an AMM to investigate the effects of EVAR, and a 10% to 20% oversizing is the standard for SG selection [52], which implies a maximum of 15% strain
in the AAA wall along circumferential direction. Therefore, PVA-C
with eight cycles of cryogenic treatment could suﬃciently approximate the mechanical response of human AAA wall in this study.
For the ILT, although it has been well characterized as an inhomogeneous material consisting of multiple layers with variable stiffness and thickness, reproducing these microscopic details may not
result in signiﬁcantly different AAA responses during EVAR. Similarly, the abdominal fat was assumed to be isotropic in this study,
regardless of its more complex nature, because it was considered
here to simply provide an adequate support and resistance during
EVAR. Thus, PVA-C with ﬁve and two cryogenic cycles could best
mimic the averaged compliance of ILT and human abdominal fat
respectively.
To date, most vascular mockups have been developed to address a single or few parameters in questions. For example: transparent but relatively rigid mockups made of polyurethane or epoxy
resin for hemodynamics studies [12,57]; compliant mockups made
of mold-casted silicone [58–60] or hydrogel [29,61,62] for medical
imaging and computational validations, but often in simple geometry; 3D-printed ﬂexible mockups in complex geometry for medical trainings and benchmark testing, but with less desirable mechanical properties [13,63]. On the other hand, surrounding structures and pathological characteristics are still rarely considered due
to the complexity in mockup development. This study presents an
AMM that reproduces not only anatomical characteristics, but also
realistic mechanical behavior, speciﬁcally the elasticity and friction, of major AAA components (aortic wall and ILT) and surrounding structures (abdominal fat and spine). As friction is becoming
a main concern in Benchmark testing for medical device navigation [64], this AMM offers tremendous value to ameliorate the current design of EVAR catheters. By incorporating major surrounding
structures, the luminal and abdominal pressure into this AMM, we
provide by far the most sophisticated and comprehensive in-vitro
model to study the biomechanical interaction between AAA and
medical devices.
From our mock EVAR experiments, the biomechanical effects of
surrounding structures, especially the surrounding fat, was elucidated. First, it helped to reduce instantaneous vessel expansion under luminal pressure, providing more realistic AAA responses compared to in vivo data (0.31–1.27 10−5 Pa−1 distensibility and 0.3%–
4.8% area change over a cardiac cycle) [65,66]. The importance to
consider zero-pressure geometry in simpliﬁed simulations without
surrounding tissues was also underlined. Second, it helped to signiﬁcantly resist forces associated with catheter navigation and SG
deployment during EVAR. The difference in centerline deviations
implies a dampening effect of the surrounding fat when an external force is introduced by catheter or SG, which provides an important framework to account for the interactions with those endovascular devices. Of note, surrounding tissues are still ignored
or simpliﬁed as an artiﬁcial boundary condition in most studies of
AAA biomechanics, especially when simulating the interaction with
medical devices during EVAR [67,68], which can impact the predictive capability [69,70]. Our results therefore provide an insight
to reﬁne existing numerical models for more realistic and accurate
prediction in EVAR outcomes.
Another advantage of this AMM is the durability and material cost. Based on our laboratory experience, if all PVA-C components are stored in cool and clean water without fungi contamination (anti-algae aquarium product may be used) and direct sun

light, the structural integrity as well as mechanical properties can
be well preserved for at least a year, whereas the long-term (>1
year) mechanical properties remain to be assessed. As to fabricate
this AMM, the PVA powder used for the vessel, ILT and surrounding fat together costed under $100; whereas the material cost for
molds was around $200 and for the anthropomorphic system (excluding pressure transducer and controller) was around $400, in
which many components can be reused for different AAA geometries. With the described methodology, it will only take a week
to fabricate each hydrogel mockup, and few weeks to develop the
reusable molds and the anthropomorphic system. Nevertheless, the
success rate of PVA-C mockup fabrication, especially for such a delicate AMM, greatly depends on the skills and experience of the developer, mainly due to the number of challenges discussed as follows.
The biggest challenge in mold design and fabrication is the
inter-locking system of the detachable inner mold. It should not
only address the aneurismal and bifurcating characteristics of AAA,
but also facilitate the demolding process. Although PVA-C is deformable, minor damage can be incurred while removing the inner mold and can cause hydrogel tearing under pressure. Hence,
sharp edges and corners were avoided in each inter-locking component. Besides, the connections between components were designed in a laminated manner to prevent leaking of the PVA solution, as well as bending or deﬂection along the assembled mold.
Another challenge is the printing orientation, especially for the
inter-locking system. As one of the limitations in FDM (fused deposition modeling) printing technology, the ﬁnished product is often
weaker along the vertical direction. Thus, the printing orientation
was carefully selected to maximize the strength and durability of
molds, especially at the connection tips of inner molds.
During PVA-C fabrication, molds with rough surface ﬁnish could
be an issue with the current 3D printing technology. A tiny bump
on the mold surface may easily trap bubbles between the inner and outer molds, resulting in voids inside the thin PVA-C
wall and thus, higher risk of wall rupture under luminal pressure. Therefore, detailed post-processing such as manual sanding,
acetone-treatment and thin varnish coating were necessary. As a
result of the thin molds with smooth surface, the thickness of ﬁnal
AMM aortic wall, after eight cryogenic cycles, remained unchanged
(1.98 ± 0.02 mm).
For the friction tests, some limitations exit in the current study.
First, measurements with silicone under normal load greater than
0.1 N was not possible, because the friction force became too high
and exceeded the limit of load cell. Nevertheless, 0.1 N is too small
to represent the navigation force in the case of tortuous iliac arteries, our observation thus conﬁrms that tissue-mimicking silicone
could not suﬃciently mimic the frictional behavior of human vessel. Second, all Stribeck curves of 0.1 N normal load shift drastically upwards. This indicates that the friction between the aortic
wall and the catheter at low normal load was signiﬁcantly affected
by the surface ﬂatness; it may also be inﬂuenced by the sensitivity
of a high-precision load cell, which remains to be clariﬁed in future. Third, the range of sliding velocity limited us from having a
complete description of the PVA-C frictional behavior at both elastic friction and hydrodynamic lubrication regions. Stribeck curves
from our results suggest that both materials are only under elastic friction [71], whereas hydrodynamic lubrication dominated by
the lubricating liquid has never been reached in our experiments
due to the limitation in sliding velocity amplitude. Nevertheless,
according to the comments and experience from endovascular specialists in our team, the sliding speeds in this study cover far beyond the catheter navigation speed in clinical practice.
Finally, as one of the major characteristics in AAA wall degeneration, calciﬁcation at the aortic wall may directly affect the interaction with endovascular devices. Thus, including calciﬁcation in our
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AMM would be of great interest. Moreover, extending the current
work into patient-speciﬁc models, especially with tortuous iliac arteries would be highly desired.
Despite the current limitations and future improvements, being biomechanically, anatomically and pathologically realistic, this
AMM can provide an excellent in-vitro environment for numerical
model validation, medical device evaluation, academic demonstration and medical training. As this paper only presents the experimental study of a project for which the ultimate goal is to develop a virtual planning tool for EVAR, our results will be combined with clinical data to reﬁne existing numerical simulations
[70] and eventually, to improve procedure planning, outcomes prediction, effectiveness and durability of EVAR procedures.
5. Conclusions
The current work is the ﬁrst in which a PVA-C based anthropomorphic perfused mockup for AAA is developed. Speciﬁcally,
our AMM allows to reproduce realistic deformation responses, frictional behavior, anatomical and diseased characteristics observed
with AAAs. To our knowledge, the effects of surrounding tissues
have not been addressed in previous studies of AAA. Using this
AMM, we evaluated the biomechanical interaction between AAA
and medical devices during EVAR, with and without the surrounding fat. Our results highlight the indispensable role of surrounding
tissues, not only the spine but also the abdominal fat, as to account
for realistic interactions with endovascular devices.
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