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Low cost fabrication of PVA based personalised
vascular phantoms for in vitro haemodynamic
studies: three applications
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Vascular
phantoms
used to perform in vitro haemodynamic studies for a num- [5] and complex flow investigations [6], accurate anatomical
ber of bioengineering applications, such as medical device descriptions are essential to reproduce patient-specific contesting, clinical simulators and medical imaging research. ditions and capture the in vivo haemodynamic features for a
Simplified geometries are useful to perform parametric stud- variety of applications; personalised features - morphology,
ies, but accurate representations of the complexity of the in flow patterns, pressures and velocities - have been shown
vivo system are essential in several applications as person- to play an important role in several cardiovascular patholoalised features have been found to play a crucial role in gies, and therefore diagnosis management and treatment are
the management and treatment of many vascular patholo- strictly patient-specific [7–9]. Experimental mock circulagies. Despite numerous studies employing vascular phan- tory loop that can reproduce individualised conditions are
toms produced through different manufacturing techniques, being developed in this context [10], alongside personalised
an economically viable technique, able to generate large computational models [11], that also necessitate fabrication
complex patient-specific vascular anatomies, accessible to of accurate vascular phantoms.
non-specialist laboratories, still needs to be identified. In
Vascular phantoms can be manufactured to be either
this work, a manufacturing framework to create personalised rigid or compliant, in order to approximate the elastic properand complex phantoms with easily accessible and afford- ties of the vasculature. The choice of material often depends
able materials and equipment is presented. In particular, on the imaging modality employed for the in vitro study.
3D printing with polyvinyl alcohol (PVA) is employed to cre- Magnetic Resonance Imaging (MRI) and Particle Image Veate the mould, and lost core casting is performed to create locimetry (PIV) are imaging techniques extensively used to
the physical model. The applicability and flexibility of the perform in vitro haemodynamic studies in order to obtain
proposed fabrication protocol is demonstrated through three flow field information in the vascular region of interest. For
phantom case studies - an idealised aortic arch, a patient- instance, MRI compatible phantoms, which only need to
specific aortic arch, and a patient-specific aortic dissection be non-magnetic, and have been shown to allow imaging
model. The phantoms were successfully manufactured in a protocol optimisation [12] or evaluation of different surgirigid silicone, a compliant silicone and a rigid epoxy resin, cal outcomes [13]. On the other hand, PIV derived velocrespectively; using two different 3D printers and two casting ity information has been used as validation tool for computechniques, without the need of specialist equipment.
tational hamodynamics studies [14], to investigate complex
flow regimes [6] or to evaluate the consequences of medical
device implantation [15], due to its high spatial and temporal
1 Introduction
resolution compared to MRI. To be be PIV-compatible, phanIn the past 30 years, fluid dynamic investigations have toms need to be optically clear and manufactured in a mateplayed an important role in the study of the cardiovascu- rial whose refractive index is matched with the working fluid.
lar system, providing insight into disease condition and pro- Rigid transparent models, manufactured mainly in resin [16]
gression and support for management optimisation. In vitro or glass [2], have commonly been employed in PIV studhaemodynamic studies typically rely on a physical represen- ies due to optical access requirements, whereas compliant
tation - synthetic phantom - of the vessels of interest to repli- models have often been manufactured using a broad range of
cate physiology or disease in the lab. Vascular phantoms opaque materials such as rubber-like compounds [17], silihave thus been successfully employed in numerous applica- cone [14], latex [18] and polyurethane [19], which are comtions, ranging from the study of healthy and diseased haemo- patible with MRI.
dynamics in regions of the human cardiovascular system [1],
Various phantom manufacturing methods have been reto the assessment of the accuracy of imaging modalities and ported in the literature. The most common ones are dipcomputational techniques [2], evaluation of medical devices ping [7], dripping [20], and the use of two different moulds,
[3] and the planning of surgical interventions [4]. Their suc- one for the inner and one for the outer part [21]. These apcess is due to the advances in medical imaging modalities proaches are invariably fraught with difficulties, especially
and the commercialisation of 3D printing devices. The for- when the geometry is complex. For example, dipping and
mer provided access to higher resolution images and noise dripping may require a large quantity of casting material (80reduction in the acquired data, thus enabling the retrieval of 90%) to be discarded, leading to unnecessary costs [22], and
3D accurate geometries. The latter allowed the manufactur- do not allow control of the phantom wall thickness, which
ing of cost-efficient 3D models of regions of the circulatory can be essential in in vitro studies with compliant geometries.
system based on patient-specific data.
To overcome these challenges, lost core casting based techA broad range of vascular phantoms has been reported in niques have been employed and soluble moulds made in mathe literature, varying in complexity depending on the study terials such as wax [23], chocolate [24] and isomaltose [25],
aims and assumptions made. Reported phantoms differ pri- that can be dissolved after the curing of the phantom material
marily in geometry, material properties and fabrication meth- have been used. These moulds can achieve fine detail, but
ods. In terms of geometry, vascular phantoms tend to vary the shrinkage occurring during the cooling process can lead
from idealised to patient-specific ones. Even though ide- to inaccuracies in the final model. Moreover, the use of such
materials for lost core casting requires one additional step in
the manufacturing process (consisting in the creation of the
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Material and Methods
In this section, the process of creating anatomical vascular phantoms using 3D printing in PVA is described.

pt

Manufacturing process
The manufacturing process adopted in this study involves five stages, as illustrated in Fig. 1 and explained in
detail in the following sections: (1) Creation of the geometry
either via segmentation of patient-specific clinical images or
creation of a CAD idealised geometry; (2) 3D post processing; (3) 3D printing in PVA; (4) Physical model refinement;
(5) Casting and dissolving of PVA in water.
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Clinical data and segmentation process
Volumetric medical images (e.g. computed tomography
(CT), magnetic resonance imaging (MRI)) are used to reconstruct patient-specific vessels via the segmentation process.

important factors for 3D printing (i.e. the structure printed
inside the object). A higher infill will result in a stronger
model, which is especially important in the case of a complex structure, but it will also lead to increased duration of
the PVA dissolving process. To find the best compromise,
different simplified test sections were 3D printed varying the
infill parameter (10% - 60% ) and the shell thickness ( 1 mm
- 3 mm).
Physical model refinement
The 3D printed model, constituting the negative mould,
undergoes further post processing before the casting procedure. The surface of the 3D printed material presents a layering effect, characteristic of the FDM printers, that can cause
unacceptable surface roughness in the final phantom. In order to make the surface smoother, sanding and coating with
liquid PVA glue are used to provide a good finish to the phantom. A transparent acrylic spray paint (PlastiKote, UK or
Humbrol, UK) is lastly used to make the contact surface im-
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negative
mould
for casting the lost core geometry), which Image segmentation is the process of partitioning a digital
leads to additional time and financial costs, as well as ad- image into different regions containing pixels with similar
ditional errors. Subtractive manufacturing of acrylic-based attributes. It is used to identify and label regions of interest
phantoms has been successfully implemented to manufac- and can be used to create volumetric reconstructions of difture PIV and MRI compatible phantoms [26]. However, this ferent organs and tissues. For vascular phantoms, thresholdtechnique has two main drawbacks: first, it requires a CNC ing is commonly employed to reconstruct the lumen volume
machine, which is not always readily available; and second, (i.e. blood volume). It uses the background to foreground
it may lead to issues regarding the fabrication of complex contrast ratio to isolate the region of interest. Manual refinepatient-specific geometries, especially for PIV compatible ment is lastly used to adjust the vessel area, especially in the
phantoms, arising from joining parts of the geometry that can presence of complex anatomies. Details regarding the segcause laser optical distortion. Moreover, this methodology is mentation procedure and the mesh refinement can be found
unsuitable for the manufacturing of compliant phantoms, ne- in Bücking et al. [27].
glecting a factor which often contributes significantly to the
This first step is not necessary in the case of idealised
flow dynamics.
geometries and the process starts with the generation of the
A comprehensive review of different manufacturing ma- CAD geometry (Step 1b in Fig. 1).
terials and procedures, and their limitations can be found in
the work of Yazdi et al. [22]. It is apparent that despite the
number of studies reported in the literature, manufacturing 3D geometry post processing
The image segmentation process described above yields
patient-specific phantoms in the laboratory at accessible cost
a
3D
model of the target area. A local smoothing approach
and without the need of specialised equipment (e.g. big volof
the
surface is subsequently performed to compensate for
ume vacuum chambers, water jets) and expertise remains an
errors
resulting from the resolution of the original medical
issue, especially in the case of complex geometries and large
images
and to facilitate the manufacturing of the building
volumes.
components
[27]. Moreover, geometrical modifications can
In this paper, we present a simplified lost core methodbe
made
in
this
stage according to the purpose of the vascular
ology, modified to manufacture idealised and patient-specific
phantom.
For
instance, for use with in vitro studies, inlet
vascular phantoms for haemodynamic studies and imaging
and
outlet
sections
need to be designed to accommodate the
applications in a low cost manner and without access to
phantom
within
the
experimental system.
specialist equipment, addressing some of the limitations of
previous works and allowing non-specialist laboratories to
manufacture experimental phantoms. In particular, negative 3D printing
moulds are created through 3D printing in polyvinyl alcoThe CAD model reconstructing the vessel lumen volhol (PVA), a water soluble material, to develop both compli- ume is 3D printed in PVA using a stereolithography (SLA)
ant and rigid phantoms through a lost core casting process. printer. PVA is commonly employed as a support material to
The methodology and associated costs and equipment re- create complex geometries in Polylactic acid (PLA), which is
quirements are demonstrated through three aortic phantoms then dissolved in water to obtain the object of interest. Howwith different geometrical and mechanical properties; these ever, in this work, it is used as the primary material to create
include a simplified aortic arch, a patient-specific aortic arch a mould for the casting process (i.e. negative mould). Atand a patient-specific aortic dissection model.
tention was paid to the choice of the infill, one of the most

ASME Journal of Engineering and Science in Medical Diagnostics and Therapy. Received July 29, 2019;
Accepted manuscript posted December 19, 2019. doi:10.1115/1.4045760
Copyright (c)
2019 byand
ASME
permeable
hydrophobic, so as to reduce chemical inter- spondent 2D velocity field was reconstructed.

Phantom 1: Simplified aortic arch model
Phantom 1 was manufactured to reproduce a simplified
aortic arch without branch vessels, realised as a U bend (Fig.
3). It was designed to be rigid and compatible with both MRI
and PIV imaging (which necessitates the use of an optically
transparent material). The mould was designed with a CAD
software (SolidWorks, Dassault Systèmes, Canada) and then
3D printed in PVA using a Delta WASP 2040 Turbo 2 (Wasp,
Italy). Post processing with sanding and liquid PVA coating
was performed to minimise the roughness of the model surface. For the casting process, an acrylic box with flat sides
was manufactured to allow PIV laser illumination and pouring of the selected casting material. A clear, solvent free,
low viscosity silicone elastomer (MED 6015, NuSil Technology,CA, USA) was chosen because it has a low refractive
index (RI = 1.4) that could be matched by water-glycerol solutions. MED 6015 is supplied as two-part mix which have
to be mixed thoroughly to ensure homogeneous optical properties. To remove bubbles entrained through this process, the
casting material was degassed using a small vacuum chamber. The material is then poured in several batches to prevent
air bubbles to be trapped in thick layers. After curing, the entire model was immersed in warm water and the inner mould
and coating in PVA dissolved. No additional equipment was
used at this stage (e.g. water jets, scrapers). The compatibility of Phantom 1 with PIV measurements was subsequently
tested. Experiments were run connecting the phantom with a
Harvard-Apparatus blood pump (Harvard Apparatus, USA)
and using a fluid with the same refractive index (i.e. waterglycerine solution). The sagittal plane of the model was imaged using a TSI 2D-PIV (TSI, USA) system and the corre-
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2.2

Phantom 2: Patient-specific aortic model
Phantom 2 was manufactured from patient-specific data
and designed to be flexible, in order to mimic the compliant
behaviour of the vessel. The original dataset was obtained
from a CT–angiography of a 76-year-old patient undergoing a TAVR (Transcatheter aortic valve replacement) procedure. The study was reviewed and approved by the internal review board of the research group, which was the relevant cross-institutional committee responsible for assessing
the methodological appropriateness and ethics of the study
design (AO San Camillo-Forlanini, Rome, Italy). The subject gave written informed consent in accordance with the
Declaration of Helsinki and the data set was anonymised.
Manual double- threshold segmentation was performed using 3DSlicer (Slicer, NIH) and part of the vessel – ascending
aorta, aortic arch and the initial part of the abdominal aorta was reconstructed (Fig. 4c).
The structure was post-processed using Geomagic Control (3D Systems, Canada) and MeshMixer (Autodesk,
USA). Smoothing was performed to reduce the noise introduced by the thresholding method, in order to prepare the
surface to the 3D printing process. The aortic lumen volume
was 3D printed in PVA with a Delta WASP 2040 Turbo 2
(Wasp, Italy) (Fig. 4d). Since Phantom 2 was designed to reproduce the vessel wall thickness and mimic its compliance,
a second, external mould was printed. An offset value of 2
mm was applied to the 3D aortic geometry and three pins
were added to the internal geometry to allow a stable alignment between the internal and external moulds, hence maintaining the correct gap. The outer part of the mould was separated in multiple sections in order to simplify the extraction
process of the phantom. These parts were kept together by
mean of bolts and nuts to guarantee a perfect alignment. The
external mould was printed using white resin with a Form 2
3D printer (FormLabs, USA).
A two-parts silicone (Smooth-On EcoflexTM 00-30 silicone) was selected as phantom material and casting was performed by pouring the material in between the two moulds,
in order to reproduce the desired vessel wall thickness. Prior
to pouring, in order to remove air bubbles resulting from
the mixing of the two parts, the casting material was degassed using a vacuum chamber. Once cured, the external
part was removed and the inner PVA model dissolved in water. For ease of connection to the experimental mock loop
and to avoid any unwanted movement of the central part of
the phantom, the latter was placed in a custom made box
and the inlet and outlet connected to rigid connectors. In order to assess the geometrical accuracy of the phantom, a MR
(Philips Ingenia 3T) scan was carried out adopting a threedimensional fluid attenuated inversion recovery in order to
reduce the signal arising from the silicone.
2.4

Phantom 3: Patient-specific diseased aortic model
Phantom 3 was created to illustrate the manufacturing
process of a patient-specific case of a complex pathological
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Casting and dissolving procedure
The final stage in the manufacturing process is the casting. In this phase, the physical phantom is created around the
PVA model of the vessel lumen, which is then dissolved, resulting in the hollow structure. Two casting options are available, as illustrated in Fig. 2: (i) to enclose the model in a rigid
box and pour the casting material to fill the space, which will
result in a box with a hollow structure reproducing the vessel lumen; or (ii) to design an external mould according to
the vessel geometry to control the vessel wall thickness. In
this scenario, the casting material is poured in-between the
two, resulting in a physical phantom having the shape of the
vessel of interest.
The casting material can be selected based on the design
criteria. For instance, paying particular attention to the mechanical properties (e.g. Young’s modulus) in case of flexible
phantoms or to the optical characteristics (e.g. transparency
and Refractive Index, RI) for compatibility with the imaging
modalities employed (e.g. PIV). The curing time is adjusted
accordingly, and subsequently the object is placed in a water
bath to let the inner PVA mould dissolve.

2.3

tN

actions with the casting material, which may affect its optical
properties.
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vascular
geometry,

Results and Discussion
Table 1 summarises the technical properties of the three
different phantoms manufactured in this work, including material costs and necessary equipment.
Two different 3D printers, with negligible difference in
purchase price, were used and both allowed the creation of a
detailed and accurate geometry of the vessel lumen. Figure
7 shows the details of the complex curvature of the lumen
for the pathological aorta reconstructed in Phantom 3 illustrating the ability of the printer to follow the intricacy of the
structure. The printers were chosen because of (i) the large
build volume, which allows to reproduce bigger geometries,
and (ii) because they have two nozzles, so that one can be
used only for PVA. Compared to other technologies, FDM
was chosen to minimise the costs associated with both the
initial purchase and the use.
After testing qualitatively different combinations of the
3D printing parameters, a 30% infill and 1.5 mm shell thickness was found to be a good compromise between model
strength and ease of dissolution for Phantom 3, which has
the most complex geometry. Lower values of the parameters were chosen for Phantoms 1 and 2, which have a simpler morphology and therefore need less structural support.
Namely 15% infill and 1 mm shell thickness.
Differences were noted in the PVA filaments used: eSun
2.85 mm resulted to be more flexible and easier to dissolve in
water compared to the Formfutura PVA 1.75 mm, resulting in
a faster casting process (about 30% faster, using the simplified test sections manufactured to select the infill parameter).
The post-processing of the 3D printed physical model
with PVA liquid glue was necessary to smooth the surface
and reduce the roughness due to the layering printing process. The acrylic spray treatment avoided the interaction between the casting material and the PVA, which would have
resulted in opaque/ slightly coloured final cast model. This
aspect was of utmost importance for Phantom 1, designed to
be optically clear in order to be compatible with PIV measurements.
For both the rigid phantoms, successive layers were
poured during the casting process. For Phantom 1 this was
necessary to minimise the layer thickness in order to avoid
air bubbles remaining trapped in the material after the degassing procedure, whereas for Phantom 3 due to a specific
layer thickness limit imposed to minimise the exothermic reaction of the resin.
This aspect may represent a limitation in specific applications, due to the layers becoming distinguishable. For instance, in the case of PIV experiments, the layers used in the
casting sequence may pose a challenge in illuminating different planes in the flow; in order to overcome this limitation,
in the present study extra care was taken to align the casting
layers with the PIV imaging planes.
The choice of casting material when the final phantom
has be to be compatible with PIV is significantly limited by
the requirement of transparency. In this work, Nusil MED
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study. In this pathology, a tear in the aortic wall causes the
creation of two separate lumina, the false (FL) and the true
(TL) lumina, posing a major manufacturing challenge. Due
to the relatively large dimensions of this geometry, it was
essential in this case to minimise the costs and processing,
by avoiding casting materials requiring degassing procedures
(i.e. no equipment needed).
A patient was imaged with a CT scanner (Siemens AG,
Munich, Germany; Field of View: 284 mm, slice thickness:
1 mm), thus obtaining 946 slices with an in plane resolution of 0.55 mm and inter-slice distance of 0.7 mm. The
geometry of the aortic model was created (ethical approval
study no 788/RADRES/16) with the software ScanIP (Synopsys, Mountain View, CA, USA) using a semi-automated
segmentation tool based on thresholding operations, differentiating the vessel based on the grey-scale of the images.
Smoothing was performed on the resulting masks to reduce
the artefacts due to pixelation (Fig. 5). The final geometry
file was exported into a CAD software in order to modify
the model for compatibility purposes with the experimental rig. In particular, rigid regular connectors were added
to the geometry to facilitate the connection with the experimental rig. The stl file was created and the lumen region
of both the TL and FL was 3D printed in PVA using a SigmaX printer (BCN3D, Spain). To avoid problems during the
printing phase and reduce the support material needed, the
TL and FL were printed separately and connected later in the
post processing phase (Fig. 6).
The physical model was post-processed in three steps.
First, several coats of PVA liquid glue were added on the external surfaces to reduce the roughness due to the different
printing layers. Second, the TL and FL were joined together
employing the same dissoluble glue guided by the connecting tear. Third, a transparent spray acrylic paint was used to
make the surface impermeable and hydrophobic. This was
also performed to avoid possible absorption of the PVA from
the casting material.
Similarly to Phantom 1, a custom made box was designed and manufactured in polypropylene to contain the
model and allow the casting process. Particular attention was
made to align the inlet and outlets of the geometry to avoid
any misalignment between the TL an FL. A rigid clear epoxy
resin (GlassCast 50, EasyComposites, UK) was used as casting material, selected to minimise cost and bypass the need
of degassing. Different layers of up to 50 mm were poured
sequentially to avoid possible exothermic reactions during
the curing process. At the end of the curing phase, the external polypropylene box was mechanically removed and PVA
dissolved in warm water.
The final geometry of the phantom was imaged with a
CT scan (O-arm system Medtronic, USA; pixel size: 194 µm,
inter-slice distance: 0.8 mm) in order to assess its anatomical
accuracy. The inner lumen volume was reconstructed with
the same semi-automated segmentation tools previously described and quantitative data was extracted. Specifically, the
cross-sectional area of the phantom lumina (i.e. TL and FL)
at ten axial planes along the longitudinal direction were mea-
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Once cured, for all phantoms, the dissolving of PVA was
facilitated using warm and pressurised water and only the inlets and outlets of the geometries were used to allow dissolution (no raisers and runners have been used).The duration
of this process was directly related to the complexity of the
geometry, from approximately 1 day for Phantom 1 to 3 days
for Phantom 3. This phase was also facilitated by mechanical friction inside the phantoms (e.g. using a thin plastic
rod), exercising care not to scratch the inner surface of the
model.

Manufacturing of physical phantoms to reproduce vessel geometries is essential to perform in vitro haemodynamic
studies of the vascular system, test medical devices and surgical procedures, validate computational models and imaging modalities, as well as serve as training tools. Despite the
numerous studies described in the literature regarding different phantoms and manufacturing modalities, costs and necessary equipment still present a limitation, especially for laboratories and research groups without extensive expertise in
the field.
The aim of this work was to present easier accessible manufacturing options to target this gap and allow nonspecialised researchers to manufacture phantoms of different complexities and mechanical properties suitable for different investigation needs. A combination of affordable
and accessible methodologies and materials is described for
three different case studies of increasing complexity: an idealised aortic arch, a patient-specific aortic arch and a patientspecific diseased aorta. In particular, 3D printing with waterdissolvable PVA was employed to create the vessel - negative
- mould and casting was performed to create the final physical model. The three cases vary in geometrical complexity and volume dimensions, material mechanical properties
(i.e. rigid or flexible), costs involved, equipment needed and
imaging modalities compatibility. The different 3D printers,
PVA filaments and casting materials were compared and advantages and disadvantages of each discussed.
The described approaches represent cost-effective and
highly accessible options to create physical vascular phantoms. Moreover, the case studies showcased a range of possibilities according to different design requirements, demonstrating the flexibility of the adopted methodologies. Further
work is necessary to find an equivalent solution to manufacture larger volume patient-specific and ideally compliant
phantoms that are PIV compatible.

Acknowledgements
Financial support by BHF (grant agreement
no.
FS/15/22/31356), EPSRC (grant agreement no.
EP/L016478/1, EP/N509577/1 and EP/S014039/1 ), and the
Springboard Award of the Academy of Medical Sciences
(grant agreement no. SBF003-1109) is gratefully acknowledged. The authors are thankful to Mr. Gabriele Maritati
and Ms. Sapna Puppala for providing the clinical data used
in this work as well as the consenting patients.

Ac

ce

pt

ed

The anatomical accuracy of Phantom 2 geometry was
qualitatively demonstrated through a comparison between
the MR-scan and the original stereolithography file. More
details about the mechanical characteristics of this phantom and its patient-specific features are described in [28].
Equally, good qualitative similarity was observed between
the geometrical features of Phantom 3 CT-scan and the original clinical images (e.g. TL, FL and intimal flap shape,
entry-tear dimension and location). Quantitatively, a crosssectional area error of 7.83 ± 4.29 % was found between
the phantom geometry and the original stereolithography file.
The comparison demonstrated the ability of the proposed
methodology to accurately reproduce complex anatomical
geometries.
Regarding imaging modalities, all the three phantoms
were MRI compatible but, due to higher requirements, only
Phantom 1 was optically clear for PIV. Refractive index
matching with the chosen material was successfully realised
using a 60%/40% (by weight) water-glycerol mixture (RI =
1.4) as working fluid in the experiments. Figure 8 shows PIV
velocity contours measured on the sagittal plane of the geometry to illustrate its compatibility with this imaging modality.
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which is often employed in the literature) and proved to be
a good choice when the geometry has a contained volume
(because of the higher cost of the material). Reproducing
the domain of a full patient-specific aorta using the same
methodology and material of Phantom 1 would lead to a
significant increase in cost. In addition, to reproduce large
volumes, since such materials require a degassing procedure
after mixing and before casting, a larger vacuum chamber
would be needed and further complications would arise due
to layering of the material. To overcome these limitations in
the manufacturing of Phantom 3, an epoxy resin was used,
which facilitates the process overcoming the degassing procedure, reducing the costs and eliminating the need for access to specialist equipment. However, although the material
appears to be suitable to manufacture rigid patient-specific
phantoms, it is not sufficiently optically clear to be compatible with PIV. A possible solution would be to employ two
moulds - a negative and a positive one - and manufacturing a
thin wall phantom, such as Phantom 2, in order to minimise
the costs of the material. Attention to the mechanical properties would be necessary as demonstrated by the fabrication of
Phantom 2 using Smooth-On-Ecoflex 00-30 Silicon in order
to reproduce the compliant behaviour of the vessel.

ASME Journal of Engineering and Science in Medical Diagnostics and Therapy. Received July 29, 2019;
Accepted manuscript posted December 19, 2019. doi:10.1115/1.4045760
Copyright (c)
2019 by ASME
References
Physics, 71, pp. 45–55.

Ac

ce

pt

ed

Ma
nu

sc
rip

tN

ot

Co

py

ed
ite
d

[12] Qin, E. C., Sinkus, R., Geng, G., Cheng, S., Green,
M., Rae, C. D., and Bilston, L. E., 2013. “Combining MR elastography and diffusion tensor imaging for
the assessment of anisotropic mechanical properties: A
phantom study”. Journal of Magnetic Resonance Imaging, 37(1), pp. 217–226.
[13] Medero, R., Garcı́a-Rodrı́guez, S., François, C. J., and
Roldán-Alzate, A., 2017. “Patient-specific in vitro
models for hemodynamic analysis of congenital heart
disease – Additive manufacturing approach”. Journal
of Biomechanics, 54, pp. 111–116.
[14] Tango, A. M., Salmonsmith, J., Ducci, A., and Burriesci, G., 2018. “Validation and Extension of a
Fluid–Structure Interaction Model of the Healthy Aortic Valve”. Cardiovascular Engineering and Technology, 9(4), pp. 739–751.
[15] Bulusu, K. V., and Plesniak, M. W., 2013. “Secondary
flow morphologies due to model stent-induced perturbations in a 180 curved tube during systolic deceleration”. Experiments in Fluids, 54(3).
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The proposed PVA based manufacturing
process: (1a) acquisition of patient-specific
clinical images of the vessel of interest and
segmentation process to reconstruct the geometry; (1b) creation of the CAD simplified
geometry; (2) post-processing of the 3D geometry; (3) 3D printing of the vessel lumen
in PVA; (4) Physical model refinement; (5)
Casting and dissolving procedure of PVA in
water . . . . . . . . . . . . . . . . . . . . .
Schematics of the two casting options: (a)
enclosing the PVA model in a box and pour
the casting material, which will result in a
hollow structure once the material is dissolved; and (b) including a positive mould
to control the wall thickness of the phantom.
This will result in a physical model having
the shape of the vessel of interest . . . . . . .
Geometry and 3D printed PVA phantom of
the simplified case-Phantom 1 . . . . . . . .
Lumen of Phantom 2: (a) segmentation process, (b) 3D volumetric reconstruction, (c)
geometry extraction and (d) PVA printed mould
Segmentation procedure and geometry extraction of Phantom 3: (a) segmentation process, (b) 3D volumetric reconstruction and
(c) geometry extraction. The volume considered for the manufacturing of the physical
model is also highlighted in the picture . . . .
3D printing process of Phantom 3 in PVA.
The geometry was printed with support material. The geometry of the infill used can be
seen in the picture . . . . . . . . . . . . . . .
Picture of the 3D PVA printed negative
mould for Phantom 3 illustrating the complexity of the geometry, which includes the
true and false lumen and a small connection
tear in between. Connectors are added to the
geometry to facilitate installation in the experimental rig . . . . . . . . . . . . . . . . .
Pictures of the three phantoms manufactured
in this work. Indicative PIV acquired velocity contours are superimposed in Phantom 1
to illustrate its compatibility with this imaging modality . . . . . . . . . . . . . . . . . .
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Table 1.

Technical specifications and comparison of key manufacturing features among the three phantoms

Phantom 2

Geometry

Simplified aortic arch

Patient-specific aortic arch

Patient-specific diseased aorta

Material

Rigid

Compliant

Rigid

Segmentation

/

3D printer

Delta Wasp 2040 Turbo 2

Build volume

0/ 200 mm x h 400 mm

3D printing material

Formfutura PVA 1.75 mm

3D filament cost

$45 / 300g

Casting material

ot

Co

Phantom 1

Phantom 3

ScanIP

Delta Wasp 2040 Turbo 2

BCN3D Sigmax

0/ 200 mm x h 400 mm

420 mm x 297 mm x 210 mm

Formfutura PVA 1.75 mm

PVA eSun 2.85 mm

sc
rip

tN

3D Slicer

$38 / 500g

Nusil MED 6015

Smooth-On EcoflexTM 00-30 silicon

Epoxy resin

Casting material cost

$154 / 600 ml

$26 / 400 ml

$89 / 5000 ml

Amount of casting material used

2000 ml

300 ml

5000 ml

Other equipment needed

Small vacuum chamber

External mould ($254)

None

PIV compatibility

Yes (RI=1.4)

No

No

Yes

Yes

Yes
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$45 / 300g

Ac

ce

pt

ed

MRI compatibility

JESMDT-19-1037- Balabani, Burriesci- 11

Downloaded from https://asmedigitalcollection.asme.org/medicaldiagnostics/article-pdf/doi/10.1115/1.4045760/6465350/jesmdt-19-1037.pdf by University College London user on 15 January 2020

ed
ite
d

ASME Journal of Engineering and Science in Medical Diagnostics and Therapy. Received July 29, 2019;
Accepted manuscript posted December 19, 2019. doi:10.1115/1.4045760
Copyright (c) 2019 by ASME

py
3D geometry
modifications and
adaptations

model
4 Physical
post processing
Physical model
surface
treatments

sc
rip

1b Creation of CAD geometry

3D printing of
the (soluble)
lumen in PVA

Co

2 post processing 3 3D printing
3D geometry

CT/MR images
segmentation

tN

Clinical
acquisition

ot

data and
1a Clinical
segmentation process

Creation of the simplified
geometry of interest

and
5 Casting
dissolving procedure
Casting process
with a rigid or
flexible material

Dissolving of
the PVA lumen
in water

Ac

ce

pt

ed

Ma
nu

Fig. 1. The proposed PVA based manufacturing process: (1a) acquisition of patient-specific clinical images of the vessel of interest and
segmentation process to reconstruct the geometry; (1b) creation of the CAD simplified geometry; (2) post-processing of the 3D geometry; (3)
3D printing of the vessel lumen in PVA; (4) Physical model refinement; (5) Casting and dissolving procedure of PVA in water
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Fig. 2. Schematics of the two casting options: (a) enclosing the PVA model in a box and pour the casting material, which will result in a
hollow structure once the material is dissolved; and (b) including a positive mould to control the wall thickness of the phantom. This will result
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Segmentation procedure and geometry extraction of Phantom 3: (a) segmentation process, (b) 3D volumetric reconstruction and (c)

Ac

ce

pt

geometry extraction. The volume considered for the manufacturing of the physical model is also highlighted in the picture
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Fig. 6. 3D printing process of Phantom 3 in PVA. The geometry was printed with support material. The geometry of the infill used can be
seen in the picture
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Fig. 7. Picture of the 3D PVA printed negative mould for Phantom 3 illustrating the complexity of the geometry, which includes the true and
false lumen and a small connection tear in between. Connectors are added to the geometry to facilitate installation in the experimental rig
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Pictures of the three phantoms manufactured in this work. Indicative PIV acquired velocity contours are superimposed in Phantom 1

to illustrate its compatibility with this imaging modality
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