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Abstract:

Cardiovascular diseases are one of the leading causes of death globally and the most common pathological process is atherosclerosis. Over the
years, these cardiovascular complications have been extensively studied by applying in vivo, in vitro and numerical methods (in silico). In vivo
studies represent more accurately the physiological conditions and provide the most realistic data. Nevertheless, these approaches are expensive,
and it is complex to control several physiological variables. Hence, the continuous effort to find reliable alternative methods has been growing. In
the last decades, numerical simulations have been widely used to assess the blood flow behavior in stenotic arteries and, consequently, providing
insights into the cardiovascular disease condition, its progression and therapeutic optimization. However, it is necessary to ensure its accuracy and
reliability by comparing the numerical simulations with clinical and experimental data. For this reason, with the progress of the in vitro flow
measurement techniques and rapid prototyping, experimental investigation of hemodynamics has gained widespread attention. The present work
reviews state-of-the-art in vitro macro-scale arterial stenotic biomodels for flow measurements, summarizing the different fabrication methods,
blood analogues and highlighting advantages and limitations of the most used techniques.
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1. INTRODUCTION

Cardiovascular  Diseases  (CVDs)  are  the  most  common
reason for death and they are considered to be one of the most
important  problems  related  to  human  health  worldwide.
According to the World Health Organization (WHO) data, 17.9
million people died from CVDs in 2016, representing 31% of
all global deaths [1]. In order to reduce these numbers, several
research works have been done over  the years.  Although the
initial  research  incorporated  mostly  simpler  cases  of  study,
more  realistic  research  has  been  applied  to  different
cardiovascular analyses, including studies conducted on blood
vessels  [2],  aneurysms  [3,  4]  and  stenotic  arteries  [5,  6].
Nevertheless, according to the literature [7], CVDs are mainly
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caused by atherosclerosis, and, therefore, will be the focus of
this  work.  Atherosclerosis  is  a  complex pathological  process
characterized  by  the  gradual  formation  of  lipid-containing
plaques in the innermost layer of the arterial wall that narrows
its  lumen  (Fig.  1)  [8  -  11].  There  are  several  factors  that
influence the development of atherosclerosis, however, the lack
of  exercise,  smoking,  obesity,  and  a  fatty  diet  appear  to
increase the severity of atherosclerosis and the rate at which it
develops [12, 13].  In this pathology, as the lumen narrowing
increases,  resistance  to  blood  flow  is  significantly  increased
and, consequently, normal circulation to tissues is hampered.
This increases the work that the heart must perform, and can
cause fatal cardiovascular events [8, 14].

To  understand  the  pathology  process  associated  with
atherosclerosis,  many  hemodynamic  studies  have  been
conducted [15 - 21], either in vitro, in vivo, in silico or ex vivo,
with the purpose to obtain detailed pressure and velocity fields
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of blood flow phenomena, and many efforts have been made to
accurately  perform  the  early  detection  of  this  pathology,
namely in carotid artery stenosis as shown in detail in a recent
review conducted by Saxena et al. [13].

Fig. (1). Schematic representation of atherosclerotic plaque.

The primary technique used to characterize the flow field
in  the  major  blood vessels  was  performed by Dokunin  et  al.
[22],  in  the  mid  of  19th  century,  when  the  extremities  of  a
known volume airtight U-tube was connected to a blood vessel
to  measure  the  rate  of  arterial  blood  flow  according  to  the
Poiseuille  formula.  Nowadays,  in  vivo  blood  flow
measurements  are  acquired  through  non-invasive  techniques
that include computed tomography (CT) [23], doppler [21, 24,
25],  ultrasound  [26],  phase-contrast  magnetic  resonance
imaging  (PC-MRI)  [27,  28],  among  others.  Despite  such
measurements having the potential to provide the most realistic
flow  field  data,  there  are  technical  difficulties  such  as  long
measuring  times  and  lack  of  spatial  resolution  to  derive
velocity  gradients  and  wall  shear  stresses,  which  limit  the
representation  of  the  vessel  geometry,  blood  and  tissue
properties  [17,  29,  30].  To overcome these limitations,  some
recent studies have been performed. For instance, Chayer et al.
[31]  proposed  a  method  to  manufacture  ultrasonic  vascular
biomodels with realistic geometries and mechanical properties
that  mimic  the  atheromatous  plaque  in  a  carotid  artery
bifurcation.  This  method  can  be  useful  to  validate  new
ultrasound-based  imaging  technologies,  and  also  for  fluid-
structure experimental modeling. Goudot et al. [32] showed the
ability  of  ultrafast  ultrasound imaging to  evaluate  local  flow
velocities  over  an  entire  2D  image,  which  allowed  the
obtention of accurate measurements of wall shear stress (WSS)
when compared to conventional ultrasound imaging. Although
research has progressed to overcome the difficulties of in vivo
measurements,  these  methods  are  still  expensive,  have  low
reproducibility,  and  require  ethical  and  regulatory
considerations  [33,  34].

An  alternative  to  those  measurements  is  in  vitro
experiments,  which  have  captured  the  attention  of  many
researchers and, thus, they have been improved over the years.
Several techniques, including laser doppler anemometry [35],

video microscopy and image analysis [36] and particle-based
methods  such  as  particle  image  velocimetry  (PIV)  [37,  38],
micro-particle image velocimetry (μPIV) [39], particle tracking
velocimetry (PTV) [40] and stereo-PIV [41], have been applied
for in vitro blood flow studies. Although these studies do not
accurately replicate the complex interactions that occur in vivo,
they  provide  an  excellent  alternative  to  control  experimental
variables  and  they  are  an  important  tool  to  validate  and
complement  numerical  studies  [42].

Another relevant approach is ex vivo studies. These studies
bridge  the  gap  between  in  vitro  and  in  vivo  research,  where
whole  tissue  slices  are  cultured [42,  43].  For  instance,  about
two  decades  ago,  Santamore  et  al.  [44]  studied  the  effect  of
stenosis  on  arterial  vasoconstriction.  For  that  purpose,  the
authors used portions of the proximal circumflex artery of five
dogs. More recently, Karimi et al. [19] aimed to characterize
the mechanical properties of human coronary arteries and then
to assess the plaque vulnerability based on peak plaque stress.
To  this  end,  they  studied  both  atherosclerotic  and  healthy
human coronary arteries, excised within 5 h postmortem. Their
primary  results  allowed  to  verify  that  the  atherosclerotic
coronary  arteries  have  significantly  higher  stiffness  in
comparison  to  healthy  ones.

In  addition  to  the  previous  methodologies,  another
powerful  research  tool  for  atherosclerosis  investigation
emerged  with  the  rapid  advances  in  computer  technology,
computational  simulations  [45].  In  particular,  computational
fluid  dynamics  (CFD)  have  attracted  many  researchers  to
investigate  in  detail  several  blood  flow  phenomena  in  blood
vessels, which are difficult to study in detail either in vitro or in
vivo  [46  -  52].  For  instance,  researchers  with  expertise  in
numerical  methods  have  studied  several  elasticity  models  to
physiologically mimic the artery walls [53, 54]. However, the
validity of the elasticity models should be tested by taking into
account  medical  observations.  In  addition,  to  these  elasticity
models, other researchers have tested fluid-structure interaction
(FSI) models to study the interaction of the blood flow with the
vessel wall [55 - 57], where several researchers have performed
the  comparison  between  FSI  and  CFD  studies  [58,  59].  For
instance, Lopes and his team [58] compared both methods and
verified that it is fundamental to consider the artery wall as an
elastic  body,  since  the  rigid  model  overestimates  the  flow
velocity and WSS. From another perspective, Saxena and co-
workers [60] conducted an innovative study where the effect of
carotid artery stenosis on the neck skin temperature maps was
investigated. From the computational results, it was observed
that in the presence of a stenosis, a relatively lower temperature
region occurs on the section of the carotid artery wall over the
stenosis  tissue.  Even  so,  there  are  still  several  problems  and
challenges  related to  the  performance of  realistic  blood flow
modeling  and,  therefore,  numerical  models  are  not  able  to
completely replace experimental tests [61]. For this reason, the
combination of numerical and experimental methods has been
a  valuable  tool  [62  -  65].  In  Table  1,  some  advantages  and
disadvantages of these different assumptions, in vivo, in vitro,
ex  vivo,  and  in  silico  are  summarized.  More  detailed
information about the evolution and importance of numerical
methods  in  atherosclerosis  investigation  can  be  found
elsewhere  [66,  67].
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Table 1. Advantages and disadvantages of in vivo, in vitro, ex vivo, and in silico studies.

Advantages Disadvantages Ref.

In vivo More realistic data;
Good to validate new practices and techniques.

Difficult to control variables;
Difficult to visualize;

Long measuring times;
Insufficient resolution;

Expensive;
Low reproductively;

Ethical issues.

[17, 30, 68, 69]

In vitro

Easy to control variables;
Easy to visualize;

Low-cost;
Good to validate numerical studies;

Reduce the use of animals;
Do not have ethical issues.

Difficult to measure some variables (e.g., WSS);
Do not represent the complexity that happens in vivo;

Critical to reproduce exact geometry;
Difficult to reproduce real wall motion.

[42, 62, 70]

Ex vivo

No post-surgical animal care;
Maintain the architecture of the tissues closer to the in vivo

setting;
Moderate control of variables;

Better visualization compared to in vivo.

Short observation time;
Difficult to visualize;

The age of the models may represent a critical factor;
Isolation of the arteries is a critical process;

Ethical issues.

[42, 71]

In silico

Construction of more realistic virtual models;
Reduction of lead times and costs of new designs and greater

detail of the results;
Complement experimental and clinical approaches;

Ability to simulate biofluid flows
that are not reproducible in experiments.

Difficult to define mathematically some physiological and
biological parameters;

Require experimental validation;
The results are dependent on the accuracy of the mesh

performed;
Complex simulations can be very long.

[45, 70, 72, 73]

Despite  the  large  variety  of  methods  to  understand  the
pathology  of  atherosclerosis  previously  mentioned,  recent
advances in computer-aided design (CAD), medical imaging,
and 3D printing technologies have provided a rapid and cost-
efficient  method  to  generate  arterial  stenotic  biomodels,
making in  vitro  studies  a  valuable  and powerful  tool.  In  this
regard,  the main aim of  this  review was to provide a  critical
evaluation of different 3D printing approaches to manufacture
in vitro biomodels of stenotic arteries to perform measurements
and flow visualizations with techniques commonly used.

2. MAIN STEPS INVOLVED IN THE FABRICATION OF
IN VITRO BIOMODELS

To obtain  the  biomodels  for  performing  in  vitro  studies,
three major steps must be taken, which are represented in Fig.
(2).

Fig.  (2).  Schematic  representation  of  general  steps  involved  in  the
fabrication of in vitro biomodels.

Initially,  the  design  of  the  blood  vessel  under  study  is
performed and this can be obtained from either patient-specific
[17, 18, 33, 38, 74 - 77] or idealized geometries [2, 16, 37, 62,
78 - 83]. After the geometry construction, a negative mold of
the  lumen  is  manufactured.  To  this  end,  there  are  many
manufacturing  methods  available,  but  the  most  common  is
rapid prototyping.

Rapid prototyping, also named additive manufacturing, is

the latest innovative technology that has revolutionized product
design,  manufacturing,  and  biomedical  engineering,  in  the
development  of  in  vitro  biomodels  [84,  85].  This  technique
allows  the  rapid  conversion  of  the  information  from
computerized 3D solid models into physical objects in a layer-
by-layer manner [85 - 87].

Over the last decades, several rapid prototyping techniques
that involved the processing of materials in solid, powder, or
liquid  form  have  been  developed  [84].  In  Fig.  (3),  the  main
rapid prototyping techniques are outlined and methods such as
Stereolithography  (SLA),  Digital  Light  Processing  (DLP),
Multijet Modeling (MJM), Fused Deposition Modeling (FDM),
Selective  Laser  Sintering  (SLS),  Electron  Beam  melting
(EBM),  Direct  Metal  Laser  Sintering  (DMLS),  Inkjet  3D
printing,  and  Laminated  Object  Manufacturing  (LOM)  are
included.

Despite the numerous types of 3D printers encountered in
the market, the SLA, FDM, Inkjet, and Multijet techniques are
the  most  commonly  used  to  manufacture  stenotic  artery
physical  models.

Briefly, in SLA, an object is created layer-by-layer and the
polymer  resin  is  cured  by  photopolymerization  using  an
ultraviolet  (UV)  laser  beam  [88].  At  each  layer,  the  laser  is
moved, tracing a pattern, and solidifying the resin [86].

In  the  FDM  technique,  an  object  is  built  by  extruding  a
liquid  thermoplastic  material  from  a  movable  printer  nozzle
and  then  deposited  layer-by-layer  onto  a  substrate.  After
extrusion, the thermoplastics solidify almost immediately [86].
For instance, Faria et al. [89] and Hütter et al. [90] made 3D
biomodels for flow visualizations using FDM printers.
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Fig. (3). A comprehensive list of the major rapid prototyping techniques that are currently in use for several biomedical applications.

The  Inkjet  process  uses  a  liquid  binding  agent  and  a
powder-based material. The printhead selectively drops a fixed
quantity of the liquid binding agent. The ejected droplet falls
under  the  action  of  gravity  into  the  substrate  and  then  dries
through solvent evaporation. Then, a piston lowers the powder
bed  so  that  a  new  layer  of  powder  can  be  spread  over  the
surface of the previous layer. This process is repeated until the
3D structure  is  finished.  In  addition,  this  process  can print  a
variety  of  materials  such  as  metals,  ceramics,  and  polymers
[86, 91]. Aycok et al. [92] used this technology to produce a
healthy inferior vena cava, and they showed that this technique
is  suitable  to  obtain  optically  transparent  internal  flow
biomodels.

Multijet  printing  works  similarly  to  traditional  inkjet
printing,  but  instead  of  jetting  ink  onto  a  powder-based
material, a jetting head deposits liquid photopolymer droplets
onto a build platform where each droplet cures with a UV light.
After building each layer, UV light hardens the layer, and the
build platform moves down in the z-direction so that the next
layer  can be printed [85].  Table  2  shows the advantages  and
disadvantages  of  these  techniques  to  manufacture  arterial
biomodels. Additionally, Table 3 presents some hemodynamic
in  vitro  studies  that  have  used  3D  printing  technologies  to
manufacture stenotic biomodels, and the respective geometry,
cast material,  blood analogues, and the measurement method
used.

Table 2. Advantages and disadvantages of the most common 3D printing techniques used to produce arterial biomodels.

Methods Advantages Disadvantages

SLA Simple manufacturing process;
Fast and good resolution.

Expensive equipment and materials;
Only photopolymers.

FDM

Easy to use;
Good mechanical properties;

Low-cost;
Fast.

Materials limited to thermoplastics;
Low resolution.

MultiJet

Fast and scalable;
Smooth surface finish;

Accurate;
High resolution.

Poor mechanical properties;
Expensive.

Inkjet
Low cost;

Easy to use;
Reasonably fast.

Low resolution;
Low mechanical properties;

Expensive replacement ink cartridges.

Table 3. Summary of some in vitro hemodynamic studies using 3D printed biomodels.

Geometry RP1 system RP material Cast material Blood analogue Measurement
method Ref

Real porcine coronary
arteries

Multijet and
Inkjet FullCure®720 and 3Z model PDMS2 W3 - [76]

Idealized Injection
molding Aluminum Silicone (T-2

silastic) W- G4 (40, 60%) PIV [93]

Idealized and Patient-
specific SLA5 Epoxy resin PDMS DMSO6-W (52, 48%) μPIV [75]

Patient-specific SLA PIC100 resin PDMS Whole blood Fluorescence
microscopy [77]



In vitro Biomodels in Stenotic The Open Biomedical Engineering Journal, 2020, Volume 14   91

Geometry RP1 system RP material Cast material Blood analogue Measurement
method Ref

Patient-specific SLA VeroWhitePlus RGD835 and
TangoPlus FLX930 Silicone DiW7- G- corn starch

(70, 30, 0.1%) Doppler [94]

Patient-specific SLA; Multijet
and FDM

Flexible resin, Tango Grey,
TangoBlack and TPU8

filament
- - CT [95]

Patient-specific Inkjet Low melting
point alloy Silicone

G- SNDS 9-D10- O11 -
Antifungal agent- DM

12(15, 1, 3, 2, 79%)
Doppler Ultrasound [96]

Idealized SLA Epoxy resin PDMS W-G (39, 61%) μPIV [83]

Idealized FDM ABS13 filaments PDMS DiW-G-NaI14 (47.38,
36.94, 15.68%) PIV [15]

Idealized SLA Clear resin PDMS D Inverted confocal
microscope [97]

Patient-specific Inkjet Water-soluble plaster Silicone W-G (45, 55%) PIV [17]
Patient-specific SLA Stereocol Acrylate RTV15 Silicone IA16-G (70, 30%) PIV [18]

Idealized SLA - - DMSO-W (52, 48%) PTV [63]
1RP  –  Rapid  Prototyping,  2Polydimethylsiloxane,  3W-water,  4G-Glycerol,  5SLA  –  Stereolithography,  6DMSO-  Dimethyl  sulfoxide,  7DiW-  Distilled  water,  8TPU-
Thermoplastic polyurethane, 9SND- Synperonic N detergent surfactant, 10D-Dextran, 11O-Orgasol particles, 12DM- Demi water, 13Acrylonitrile butadiene styrene, 14NaI-
Sodium iodide, 15RTV-Room-Temperature-Vulcanizing, 16IA-Isopropyl alcohol

Finally, to cast the physical model, transparent material to
the applied wavelength light must be used and its half thickness
must be smaller than the focal distance of the used objective
lens [98].  Initially,  different materials were used, like plastic
[99],  glass  [100,  101],  latex  [102],  polymethylmethacrylate
(PMMA) [103, 104] and Agar-based materials [105]. Despite
the  diversity  of  materials  mentioned,  the  most  common
transparent materials are polydimethylsiloxane (PDMS), glass,

and PMMA. However, over time, PDMS became the preferred
material  of  researchers  due  to  its  superior  properties  when
compared  to  the  remaining  materials  [106  -  108].  Some
advantages and disadvantages of PDMS, PMMA, and glass are
summarized in Table 4. In turn, Table 5 summarizes the typical
mechanical,  chemical  (solvent  and  acid/base  resistance),  and
material  costs  of  those  materials,  commonly  used  in  in  vitro
studies.

Table 4. Advantages and disadvantages of some casting materials used in biomodels.

Advantages Disadvantages

PDMS

Nontoxicity;
Biocompatibility;
Gas permeability;

Simple fabrication process;
Good optical transparency; Durability;

Elasticity;
Capable of sustaining a variety of cell types;

Inert.

Can absorb small hydrophobic molecules;
Evaporation of water vapor is hard to control;

Hydrophobic nature.

PMMA
Economic;

Biocompatibility;
Ease of processing.

Rigid;
Can undergo thermal degradation and thermal oxidative degradation in the presence of

oxygen.

Glass
Good optical transparency;

Excellent roughness;
Inert.

Difficult to reproduce the desired geometry;
Rigid.

Table 5. Summary of physical properties for common polymers used in in vitro models.

PDMS PMMA Glass
Mechanical properties Elastomer Rigid Rigid

Solvent resistance Poor Good Excellent
Optical transmissivity

     • Visible range
     • UV range

Excellent
Good

Excellent
Good

Excellent
Good

Biocompatibility Good Good Good
Material cost ~135€/ Kg ~1.6-3.6€/Kg ~20-30€/Kg

(Table 3) contd.....
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Although  PDMS  is  the  most  well-known  and  common
method,  some  authors  have  tried  to  directly  print  biomodels
without  using  cast  materials  in  order  to  produce  compliant
biomodels [74, 95]. For instance, Biglino et al. [74] used the
multijet  technique  to  obtain  compliant  arterial  biomodels  of
patient-specific  data.  They  concluded  that  TangoPlus
FullCure® is a suitable material for modeling the distensibility
of  arteries  in  vitro  with  very  representative  anatomical
finishing  and  with  the  ability  to  represent  non-uniform  wall
thickness. More recently, another interesting study was carried
out  by  Stepniak  et  al.  [95].  They  have  used  four  flexible
commercially available materials (Table 3) to print 3D flexible
plaque  biomodels  that  accurately  recapitulate  the  physiology
and geometry of stenotic coronary arteries. In this study, it was
shown that non-calcified plaques can be defined as lipid-rich or
fibrous  according  to  their  measured  CT number.  Taking  this
assumption, the authors aimed to study whether the 3D printing
materials would be appropriate for lipid-rich and fibrous plaque
biomodels when using a contrast agent and standard Computed
Tomography Coronary  Angiography (CTCA) protocol.  They
have found that SLA and Polyjet technology allowed to obtain
hollow models, whereas the CT numbers having samples with
wall thickness between 0.7 and 1.7 mm were found to mimic
lipid-rich plaque. The use of these biomodels can be important
for  optimizing  CTCA  protocol  by  exploring  the  effect  of
arterial  geometry,  degree  of  stenosis,  and  motion  on  CT
number  measurements.

Although  several  researchers  have  used  3D  printing  to
directly obtain biomodels to visualize flows, there is still a long
way  to  produce  biomodels  able  to  mimic  in  vivo  arteries.
However,  from  the  gathered  literature,  it  was  found  that  the
more  used  3D  printing  techniques  are  SLA  and  Inkjet
combined with PDMS as the cast material, whereas PIV is the
preferred method to perform flow visualization measurements.
Regarding the blood analogues,  it  can be seen that  there is  a
wide diversity, showing that this field of research is still at an
early stage of development.

3. IN VITRO STUDIES IN STENOTIC ARTERIES

Over the years, several researchers have been investigating
different parameters associated with atherosclerosis through in
vitro  techniques  in  order  to  better  understand  this  pathology
and  find  new  therapies  or  improve  the  existing  ones.  This
section shows an overview of several relevant existing studies
of stenotic arteries employing in vitro methods.

3.1. Coronary Arteries

In the last few years, Doutel’s research group has studied
stenotic coronary arteries both numerically and experimentally
by using a μPIV [75, 83, 109]. In one of these studies [83], the
main purpose  was  to  obtain  a  sequential  method to  fabricate
transparent  PDMS  models  from  a  mold  produced  by  rapid
prototyping (Fig. 4A). In this study, they compared two types

of casting methods (lost-wax and sucrose), since the removal
process  of  these  materials  can  compromise  the  optical  flow
experiments  and  the  credibility  of  the  final  results.  They
observed  that  for  the  lost-wax  method,  the  channels  tend  to
become contaminated during the removal process. In contrast,
the lost-sucrose casting method exhibited much better optical
characteristics  and,  as  a  result,  has  improved  the  flow
visualizations.

From a different perspective, Doutel et al. [109] developed
a  methodology  to  create  three-dimensional  irregular  stenosis
with  different  degrees  of  occlusion  in  artery  models  for
numerical and in vitro hemodynamic studies, identifying areas
of low WSS since these locations have more propensity to the
development of  atherosclerosis.  The results  obtained showed
that  the  irregular  shape  of  the  stenosis  and  its  morphology
affect the flow field, creating different values of WSS for each
case. In general, this method showed to be a fast and effective
tool  to  generate  realistic  stenotic  models  suitable  for
hemodynamic  studies,  which  are  very  useful  in  this  field  of
research.  In  another  study  [75],  by  applying  the  fabrication
process  previously  described [83],  they investigated,  in  vitro
and  in  silico,  the  geometrical  effects  on  blood  flow  by
comparing both idealized and patient-specific models of a left
coronary artery with no signs of the disease and two derived
models  (one  planar  and  another  non  planar).  By  using  these
models,  they  studied  the  influence  of  non  planarity  in
hemodynamics.  In  addition,  they  applied  the  previous
methodology  [109]  and  created  irregular  stenotic  models.  In
general,  they have verified that the patient-specific geometry
presented  asymmetric  stenosis,  while  the  ideal  cases  led  to
smooth and symmetric stenosis. Accordingly, patient‐specific
models  should  be  used  for  hemodynamic  studies  whenever
possible.  It  was  also  demonstrated  that  eccentricity  is  an
important parameter since its variations along the branches lead
to asymmetric flow patterns (Fig. 4B). In addition, they have
concluded  that  the  non  planarity  does  not  influence  the
formation  of  the  stenosis,  however,  it  has  an  unquestionable
effect in helicity. An increase in the helical flow was observed
when the flow is forced to change its direction following the
curvatures induced by the non planarity.

Another recent and interesting study in stenotic coronary
arteries was conducted by Carvalho et al. [63]. In their study,
they investigated not only the influence of printing resolution
in the  flow visualizations  by using an SLA 3D printer  and a
PTV system but also the stenosis effect in the flow behavior,
both experimentally and numerically. The results showed that
the biomodels printed with a resolution of 50 μm allowed to
visualize more accurately the blood analogue flow due to the
lowest  roughness  values  measured  in  those  biomodels.
Additionally,  the  flow  experimental  results  showed  to  be  in
good agreement with the blood flow numerical data, with the
appearance of recirculation regions when the diameter reduces
60%,  which  were  significantly  higher  in  the  80%  stenosis
model  (Fig.  4C).
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Fig. (4). Examples of some biomodels and respective experimental images: A) Rigid PDMS phantom and flow visualization of a stenotic artery,
adapted from [83]; B) Flow visualization and streamlines obtained numerically of a stenotic left coronary artery, adapted from [75]; C) Stenotic
model fabricated by Biofabics and the recirculation zones observed experimentally, adapted from [63]; D) PDMS model of a stenotic coronary artery
and image obtained by means of fluorescence microscopy, adapted from [77].

In  a  recent  study  conducted  by  Jewkes  et  al.  [76],  3D
models  of  healthy  and  diseased  coronary  arteries  were
fabricated  based  on  a  porcine  heart  and  defined  based  on
morphometric measurements. Two different printers were used
and compared through the evaluation of different parameters
such  as  layer  thickness,  anatomical  accuracy,  and  time  per
model. In their investigation, a wax model was printed around
(or within) where PDMS was set. This method showed to be
valuable  for  experimental  testing  and  may  enable  the
replication  of  the  artery  thickness  during  the  manufacturing
process, which is important to better mimic the physiology of
the  arteries.  Regarding  the  hemodynamics,  they  verified  the
presence  of  helical  flow  patterns  in  healthy  models,  and

recirculation zones were observed in all biomodels. Note that
these  recirculation  zones  were  quite  larger  at  the  stenotic
models. Although this study gives useful information about the
manufacturing  process,  some  limitations  can  be  pointed  out.
For instance, water was used as the working fluid and all flow
measurements  were  recorded  with  a  mobile  phone.  These
features  can  compromise  and  turn  the  results  less  accurate.

In another investigation, Yang et al. [110] studied patient-
specific  left  coronary  stenotic  arteries.  They  performed
numerical studies and used 3D printing technologies (SLA) for
a  comprehensive  understanding  of  the  relationship  between
spatial  characteristics  and  hemodynamics  variations,  which
include  the  severity  of  stenosis,  locations  of  the  lesions,  the
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angle of the bifurcation at immediate upstream, and the angle
of  the  culprit’s  vessel,  the  curvature  of  the  bifurcations.  The
results  showed that  multiple  spatial  characteristics  can be an
index of hemodynamics significance and they can potentially
improve the non-invasive evaluation of the diseased vessel.

Since atherosclerosis is a complex disease associated with
multiple factors, other promising studies have emerged [111 -
114]  to  understand  the  process  of  atherogenesis,  thrombus
formation,  and  cell  interactions  in  stenotic  arteries.  In  this
direction, an interesting study was undertaken by Costa et al.
[77].  Combining  SLA  3D  printing  with  real  medical  images
and fluorescence microscopy, they performed both in vitro and
in silico  flow studies through healthy and stenotic arteries in
order to study thrombosis (Fig. 4D).  The fabricated channels
were lined with endothelial cells and perfused with recalcified
citrated human whole blood. They compared the healthy and
stenotic  geometries  with  different  degrees  of  occlusion  and
they  have  observed  that  after  15  minutes  of  perfusion,  the
healthy geometries have shown no sign of thrombosis,  while
the stenotic geometries have induced thrombosis at the stenotic
region.  By  using  this  methodology,  thrombosis  can  be
mimicked in 3D vessel geometries and it can be an important
step towards patient-specific arterial thrombosis studies.

3.2. Carotid Arteries

Interesting  studies  in  stenotic  carotid  bifurcation  arteries
have  been  conducted  by  Kefayati  et  al.  [82,  115,  116],
combining  PIV  analysis  with  CFD  simulations.  Firstly,  the
researchers  only  considered  healthy  and  stenotic  carotid
arteries (50% and 70%) aiming to study transitional flow using
a  combination  of  PIV  and  proper  orthogonal  decomposition
(POD),  and  also  proposed  two  complementary  metrics  for
quantifying  the  levels  of  transitional  flow:  the  energy  decay
slope and the entropy values [82]. Through POD analysis, they
detected the transition to a more complex flow in both 50% and
70% stenotic models, while in the healthy model, no evidence
of  transitional  flow  was  observed.  In  addition,  the  bigger
complexity  of  flow  in  the  70%  model  was  expressed  by  the
flatter  slope  of  energy  decay  and  the  higher  entropy  values
when compared with those in the 50% stenotic model. Despite
the interesting results obtained in this study, it is important to
note that it may be necessary to acquire better resolution than
the indicated by the standard POD convergence test in order to
ensure  adequate  temporal  resolution  for  turbulence
quantification  based  on  POD-derived  parameters.  Then,  in
another study [115],  Kefayati  et al.  investigated not only the
effect  of  stenosis  severity  (30%,  50%,  and  70%)  in  carotid
artery biomodels but also the plaque eccentricity (concentric or
eccentric  stenosis)  and  ulceration,  taking  into  account  its
influence on the level of turbulence intensity (TI). The results
obtained showed that, by increasing the stenosis severity, the
turbulence  intensity  also  increases.  Furthermore,  the  authors
observed that independently of stenosis severity,  eccentricity
caused  more  elevations  in  turbulence  intensity  over  the
concentric plaque model. Regarding the ulceration, they have
observed  that  the  50%  eccentric  plaque  produced  a  larger
portion of moderate turbulence intensity when compared to the
non-ulcerated  model,  mainly  in  the  post-stenotic  region.  In
general,  this  study  proved  that  beyond  the  stenosis  severity,

other  parameters  can  cause  flow  disturbances,  like  plaque
eccentricity  and  ulceration.  These  factors  enhance  the
turbulence  downstream of  stenosis,  which,  in  turn,  can  have
potential  clinical implications,  such as a stroke. Similarly,  in
another work [116], the authors also investigated the effect of
the  last  features  (stenosis  severity,  plaque  eccentricity,  and
ulceration) on the levels and patterns of shear stress, derived
from both laminar and turbulent phases, in the same biomodels.
They observed that by increasing the stenosis severity, the level
of laminar shear stress also increases, for both free shear stress
(FSS) and wall shear stress (WSS). However, WSS increased
twice. Independent of stenosis severity,  the authors observed
notable  differences  in  the  distribution  and  amount  of  shear
stress  indices  between  the  concentric  and  eccentric  plaque
formations. In the eccentric model, the decay of the maximum
WSS  found  at  the  stenosis  throat  was  significantly  steeper
along the outer wall of the eccentric model when compared to
the  concentric  counterpart.  Compared  to  the  non-ulcerated
model counterpart model, the presence of ulceration in the 50%
eccentric  plaque  model  led  to  more  elevated  FSS  and  WSS
levels.  Concerning  the  turbulent  (Reynolds)  shear  stress,
elevated  and  dispersed  levels  were  observed  in  the  post-
stenotic  recirculation  zone  of  the  eccentric  stenotic  model,
becoming notable during the systolic deceleration phase, which
was associated with jet instabilities. The combination of these
three  studies  [82,  115,  116]  and  their  results  revealed  that
beyond stenosis  severity,  other  parameters  can  be  used for  a
more  sensitive  assessment  of  stroke  risk  since  they  have  the
potential  to  promote  serious  clinical  implications.  In  these
studies,  the  biomodels  were  manufactured  using  a  lost-core
casting technique. A low melting point metal (LMPM) core in
the shape of the desired lumen model geometry was cast from
an aluminum mold. The core was mounted inside a plastic box
and a second material, either plastic resin or agar gel, was then
poured into the plastic box around the LMPM core. Once the
material surrounding the core had solidified, the LMPM core
was melted out. This manufacturing process was also used by
other authors like DiCarlo et al. and Poepping et al. [105, 117 -
119].  Although  this  fabrication  method  has  been  applied  by
several  authors,  this  method  is  not  the  most  adequate  as  the
presence  of  residues  resulting  from  the  process  may
compromise  the  flow  visualization.

In addition to the previous investigations, Choi et al. [15]
conducted  another  important  in  vitro  study,  where  a
comparison of rigid and deformable eccentric carotid stenosis
was  performed  by  applying  a  PIV  method.  A  deformable
stenosis model was fabricated by means of 3D printing (FDM)
and  investigated  the  stenosis  deformation,  since  in  a  real
situation,  under  a  pulsatile  blood  flow  condition,  this
phenomenon occurs. To mimic the thin fibrous cap, PDMS was
wisely obtained by controlling the mixing ratio of the base and
curing agent, curing temperature, and baking time to obtain a
specific Young’s modulus, and the oily phase of the lipid core
part was obtained by using the liquid state of the Sylgard 184
base.  After  obtaining  the  physical  models,  the  effect  of  the
stenotic  deformation  on  the  pulsating  waveform  associated
with the pressure drop by means of the turbulent kinetic energy
(TKE) production rate was studied. The authors observed that
the  deformable  stenosis  model  changes  its  stenotic  shape  to
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achieve  high  slope  and  height,  when  the  inlet  flow  was
changed. This shape variation causes an increase of the rate of
the  jet  velocity,  and  as  a  result,  promotes  an  increase  of  the
TKE production rate,  when compared with the rigid stenosis
models.  Due  to  this  phenomenon,  a  phase  delay  of  the  peak
position in the waveform related with the pressure drop across
the  stenosis  was  obtained.  These  results  have  revealed  the
viability  of  using  the  pressure  drop  waveform  across  the
stenosis  to  detect  deformable  vulnerable  stenosis.

3.3. Generalized Models and Other Arteries

Griffith et al. [120] applied a pulsatile inlet flow through a
circular  tube  with  an  axisymmetric  blockage  and  they  have
studied the effect of different degrees of stenosis in the flow
behavior and stability both numerically and experimentally, by
using an acrylic tube and PIV. For low Reynolds numbers, they
observed a  vortex ring downstream of  the  stenosis,  in  which
strength  and  propagation  velocity  varied  with  the  stenosis
degree. In addition, the authors analyzed the linear stability and
verified  that  experimental  flows  are  less  stable  than  the
numerical  analysis  prediction.  Despite  those  conclusions,  it
should  be  noted  that  the  authors  used  water  as  a  blood
analogue, which has properties quite different from real blood
and, thus, can present a different behavior.

From a different perspective, Helgeson et al. [101] showed
a different example of the importance of combining in silico
and in vitro studies by means of scanning electron microscopy
(SEM)  characterization.  They  fabricated  a  glass  branched
artery  stenotic  model  mimicking  the  popliteal  and  femoral
artery and investigated the transport of particles resulted from
the orbital atherectomy technique. This methodology is widely
used  to  treat  atherosclerosis  by  debulking  plaques  from  the
arterial  walls  by  applying  a  sanding  action.  The  authors
observed that there was no agglomeration of the plaque-replica
particles and the accumulation only occurred under particular
conditions.  They  also  observed  that  the  particles  preferably
tend  to  travel  through  upstream  branches  rather  than
downstream to the near-foot branches. From these results, new
outcomes  are  expected  to  help  the  development  of  new
atherectomy devices, and they can also be used to predict the
endpoint of particles that are formed during this procedure.

3.4. Final Remarks

As can be seen, there are many different types of research,
all  of  them  with  the  same  purpose,  i.e.,  to  understand  the
pathology  of  atherosclerosis.  Thus,  the  research  in  this  field
can take many different directions and more studies are needed.
Although there is a wide variety of research works on studying
the  flow  in  stenotic  arteries,  an  effective  method  to
manufacture  in  vitro  biomodels  has  not  yet  been  developed.
Though,  it  was  observed  that  3D  printing  has  become  the
preferred low-cost technology to obtain in vitro biomodels and,
among the several methods, the SLA technique showed to be
an accurate and powerful option, as long as adequate materials
are  employed  [121].  This  technique  allowed  to  obtain
biomodels with the lowest roughness providing the best quality
for flow visualizations. It was also observed that the method to
remove  the  lost  core  can  interfere  in  the  quality  of  the  final
biomodel, i.e., the lost core removed by heating processes will

originate biomodels with the worst transparency. For the flow
measurement  in  experimental  tests,  the  μPIV  and  PTV
techniques  showed  a  good  agreement  with  the  numerical
studies,  being  adequate  for  their  validation.

4. BLOOD ANALOGUES

The development of blood analog fluids to perform in vitro
hemodynamic experiments is extremely relevant due to ethical,
economic and safety problems related to the use of real blood
in  those  experiments.  Hence,  several  researchers  have  been
focused  on  the  development  of  new  analogues  in  order  to
mimic  not  only  the  physical  properties  but  also  the  flow
behavior  of  the  real  blood,  especially  under  steady  shear
conditions [122 - 128]. Some examples of those investigations
are presented in Table 3.

Initially,  the  blood  flow  studies  were  performed  with
Newtonian blood analogues composed of mixtures of glycerol
and water [129 - 134]. In a second stage, non-Newtonian fluids
composed of xanthan gum (XG) or/and polyacrylamide (PAA)
diluted in glycerin and/or water were developed and they have
been applied in different studies, together with the Newtonian
analogues [122, 135, 136].

Pinto et al. [36] found a noticeable cell-free layer around
walls,  when  performing  in  vitro  experiments  with  blood
samples.  The  layer  formation  is  due  to  the  red  blood  cells
(RBCs) migration to the center of the channel, which, in turn,
leads  to  the  reduction  of  the  effective  viscosity  [137  -  142].
This  physiological  phenomenon  does  not  happen  with  blood
analogues fluids without solid elements, such as microparticles
and  microcapsules.  Consequently,  it  is  crucial  to  take  into
account  the  cellular  blood  components  that  exist  within  the
base fluid [36, 143 - 145].  In addition, Lima and co-workers
[144, 145] visualized and measured cell-cell interactions. They
showed that the RBCs radial dispersion tends to increase with
cell concentration and may influence the blood mass transport
mechanisms. Hence, it is important that the hemodynamic flow
phenomena  that  occur  at  the  microscale  level  are  also
mimicked by particulate blood analogue fluids. RBCs are able
to  perform  fundamental  functions,  such  as  the  transport  of
gases  and  nutrients,  but  they  also  have  the  ability  to  deform
under shear flow when they pass through a narrower capillary.
Several experimental works [126, 146 - 149] developed blood
analogue  fluids  containing  polystyrene  and
polymethylmethacrylate  (PMMA) particles  to  mimic  the  key
structural  attributes  of  RBCs.  Despite  the  similar  size  and
shape,  the  mechanical  properties,  i.e.,  the  stiffness  and
deformability,  were  not  identical  to  the  real  RBCs.

Subsequently,  several  types  of  particles  with  varying
stiffness  and  shapes  have  been  developed  and  their
deformability in narrow channels was investigated [138, 146,
150  -  153].  Maruyama  et  al.  [124,  154]  developed  a  blood
analogue made of a Newtonian solvent containing a suspension
of microcapsules to evaluate the absolute hemolytic properties
of  centrifugal  blood  pumps.  Later,  Nguyen  et  al.  [155]
performed a similar study, but this time using a non-Newtonian
solvent.  The studies of  the two aforementioned authors were
performed  with  particulate  blood  analogues  that  are  able  to
reproduce well the steady viscosity, but they did not study any
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Fig. (5). Flow of in vitro blood and a particulate blood analogue (PMMA particles in Dx40) through hyperbolic contraction (adapted from [126]).

microscale flow phenomenon. An innovative blood analogue
fluid containing giant unilamellar vesicles (GUVs) [156, 157]
was developed to mimic the flow of RBCs in microchannels.
The  GUVs  were  made  of  a  hydrated  mixture  of  soybean
lecithin,  extruded  through  polycarbonate  membranes,  to
guarantee the diameter of a uniform vesicle. Merkel et al. [158]
synthesized  hydrogel  microparticles  with  tunable  elasticity.
They also evaluated the behavior of healthy and diseased RBCs
and synthetic mimics of RBCs by using microfluidic models of
vascular  constriction.  Vilanova  et  al.  [159]  successfully
produced monodisperse silicon droplets to be used as templates
for  the  formation  of  capsules  with  potential  for  molecular
delivery with controlled release. The mechanical behavior of
the  generated  capsules  could  be  finely  tuned  by  varying  the
geometrical  parameters.  Cui  et  al.  [151]  engineered
polyethylene  glycol  hydrogel  particles  with  adjustable
elasticity  and  with  a  size  similar  to  human  RBCs.  By  using
atomic  force  microscopy  and  a  microfluidic  blood  capillary
model that mimics dimensions and pressure differentials of the
in  vivo  environment,  they  investigated  the  deformability
behavior of these particles and demonstrated that this behavior
could be tuned to be similar to that of RBCs. Choi et al. [160]
developed  a  simple  and  fast  method  to  produce  micro-sized
spherical  PDMS  particles  by  mixing  uncured  PDMS  with
distilled  water.

Pinho  et  al.  [149]  and  Calejo  et  al.  [126]  developed
particulate blood analogues with rigid particles able to show a
cell-free  layer  formation  downstream  of  a  microchannel
contraction and the reproduction of the viscosity curve of rigid
RBCs  suspensions.  In  Fig.  (5),  the  comparison  between  the
flow of RBCs and PMMA is illustrated. However, both studies
suggested that the only way to closely mimic some microscale
blood-flow phenomena is by using deformable microparticles.
Recently,  Muñoz-Sánchez et al.  [127, 161] proposed a flow-
focusing  technique  to  produce  micro-sized  PDMS  flexible
spherical  particles  for  biomicrofluidic  applications,  also
demonstrating the ability  of  the  proposed particulate  fluid  to
reproduce  the  steady  shear  viscosity  curve  of  ovine  RBCs
suspended  in  Dextran  40.  More  recently,  Lima  et  al.  [162]
proposed  a  simple,  low  cost  and  stable  multiphase  blood
analogue  with  the  ability  to  mimic  microscale  blood  flow
phenomena.  The  proposed  analogue  is  composed  of  Brij  L4
surfactant  micelles  suspended  in  pure  water  and  has  a  great

potential  to  be  used  in  flow  experiments  from  macro  to
nanoscale  levels.

The development of fluids with microparticles that mimic
the  behavior  of  RBCs  is  still  an  ongoing  challenge  for  the
scientific  community.  Nevertheless,  the  analogues  used  in
recent  studies  have  already  contributed  to  improve  our
understanding  of  several  relevant  hemodynamic  phenomena
and  develop  biomedical  microdevices.  The  majority  of  the
particles  are  made  by  polymeric  or  lipidic  flexible  materials
due to their similar mechanical properties when compared with
the RBCs. However, there are still several critical challenges
that need to be solved such as the mass production of flexible
microparticles,  aggregation  and  fast  agglomeration  of  the
microparticles  within  the  microchannels.

CONCLUSION AND FUTURE DIRECTIONS

Atherosclerosis  is  the  primary  cause  of  morbidity  and
mortality worldwide, having a great negative impact on society
around  the  world.  The  breakthrough  in  3D  printing
technologies  has  enabled  the  production  of  stenotic  arterial
biomodels,  both  idealized  and  patient-specific,  directly  from
CAD data. These arterial biomodels are remarkably important
due to  the ability  to  validate  numerical  results  and to  deeply
study  atherosclerosis  pathology  and  its  effect  on
hemodynamics.  There  are  several  methodologies  to  produce
and perform in vitro experiments, making it extremely complex
to suggest  which is  the optimal  process.  Moreover,  there are
some drawbacks, limiting the applicability of the outcomes for
clinical  practice.  For  instance,  assumptions  regarding  flow
behavior, stiffness of the wall, simplified blood analogues and
inaccurate vessel geometries are properties that can affect the
clinical value of many findings.

This paper provides a review of different kinds of in vitro
studies  focusing  on  stenotic  artery  biomodels.  In  addition,  it
shows different 3D printing techniques able to produce stenotic
biomodels and the importance of the blood analogue fluids to
perform  flow  visualizations.  The  most  cost-effective
techniques currently used are the laser type, SLA, the jetting
type, and FDM. The most common material used to perform in
vitro  flow  studies  is  PDMS,  not  only  due  to  its  low-cost,
biocompatibility,  and optical  transparency but also due to its
elasticity. The most reported measuring techniques were PIV
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and µPIV. These techniques lead to the generation of accurate
flow  velocity  profiles.  Also,  while  the  other  techniques
measure  the  velocity  at  a  point,  PIV  measurements  produce
two-dimensional  or  even  three-dimensional  vector  fields.
Regarding the blood analogue fluids,  still,  most  of  the fluids
are water-based or they are made with a mixture of water and
glycerin  or  glycerol.  However,  most  of  the  recent  analogue
fluids have the ability to replicate the non-Newtonian behavior
of  the  blood,  while  others  have  flexible  microparticles  to
simulate  the  mechanical  behavior  of  the  RBCs.

This  review  also  shows  that  the  current  state-of-the-art
biomodel  in  stenotic  arteries  is  capable  of  interpreting  and
mimicking  hemodynamic  dysfunction  and  it  can  be  used  to
optimize  the  existing  treatments  and  to  enhance  the  medical
management  of  the  atherosclerotic  disease.  Investigation  in
fluid  mechanics  has  a  relevant  contribution  to  the  design  of
interventional  diagnostic,  measuring,  and  treatment  devices.
Further  research  is  needed  to  better  understand  the
physiological phenomena that occur in pathological conditions.
For instance, the properties of atherosclerotic plaque are most
likely to be very heterogeneous, anisotropic, and non-linear.
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