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Abstract—To quantify fluid-structure interactions in arterial 

walls, from a biomechanical standpoint, a complete 

characterization of blood flow, shear stress in the interface 

between blood and endothelium, wall elasticity and wall stresses 

distribution are needed.  

A new specific multi-parameter measurement system for an 

in-vitro characterization of the biomechanics and hemodynamic 

in arterial bifurcations is described.  

Some experimental in-vitro results, under near physiologic 

pulsated flow, are shown for a physical model of arterial 

bifurcation surgically implemented from a sample of fresh 

porcine aorta.  

In-vitro results are compared with in-silico results obtained 

from a simple CFD model of the above mentioned bifurcation.  

I. INTRODUCTION 

Arterial behavior in-vivo, as well as the biomechanical 
properties of the arterial wall, are influenced by the 
interaction between blood flow and the arterial wall 
endothelium, arterial wall elasticity and the stress-strain 
distribution inside the arterial wall and surrounding tissues, 
amongst other factors (e.g. viscosity). 

To quantify these interactions both from biomechanical 
and hemodynamic standpoints, a complete characterization 
and modeling of the dynamic of arterial wall, blood flow, 
shear wall, wall elasticity  and wall strain-stresses are 
needed. Characterization can be done in-vivo and in-vitro. 
In-vivo by means of invasive and non-invasive (tonometry, 
pulsed Doppler, pulse wave velocity, elastographic) 
methods. In invasive methods, suitable instrumented animal 
specimens are used to perform the measurements on a given 
arterial segment. In-vitro, the characterization can be done 
by means of a work bench simulators in which arterial 
segments are intercalated in closed fluid circuits that 
emulates the main features of systemic arterial circulation [1] 
[2] [3] [4]. A sound in-vitro characterization of arterial 
segments (including pressure and flow patterns) may furnish 
valuable information to be applied in-vivo [5]. A specific 
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experimental set-up is needed in order to be able to work 
with arterial bifurcations under near physiological pulsated 
flow conditions. Measurements obtained from cryopreserved 
[6] and fresh arterial bifurcation samples subjected to 
different hemodynamic regimes allows the characterization 
of the biomechanical properties of arterial segments. These 
are obtained by parameter estimation and can be employed in 
a digital simulation model of the interaction between 
structure and fluid. Velocity profiles obtained in the work-
bench can be compared with the ones obtained by computer 
fluid dynamics (CFD) simulations with moving wall. 

The main purposes of the present paper are: 

-Describe the in-vitro hemodynamic work bench 
simulator for multi-parameter characterization of arterial 
bifurcations under near physiological pulsated flow 
conditions.  

-Show some representative experimental results for a 
physical model of arterial bifurcation surgically implemented 
from a sample of fresh porcine aorta. 

-Compare some in-vitro with in-silico results obtained 
from a simple CFD model of the abovementioned 
bifurcation. 

II. HEMODYNAMIC WORK BENCH SIMULATOR  

The closed circuit of the hemodynamic work bench 
simulator (HWBS) is composed by a pump, the tubing 
between the pump exit and the entrance to the arterial 
bifurcation, the arterial bifurcation being studied, tubing 
between each branch of the bifurcation exit and the entrance 
to a fluid reservoir, adjustable constrictions on each branch, 
a fluid reservoir with mean pressure adjustment, and a 
returning tubing from the reservoir to the pump (Fig. 1). 

 

Figure 1.  HWBS fluid circuit schematic diagram. Compliant silicone 

tubing is used for the circuit. 

An artificial heart named Cardiobot is used as the 
pulsated pump, with frequency and ejection volume adjusted 
at demand. Cardiobot is an electronically controlled 
programmable pump, specially developed in our laboratory 
(see authors affiliations) [2] [7] in order to generate different 
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flow and pressure patterns in the HWBS. For each branch, 
there is an independent restriction located far away from the 
corresponding branch output. Each restriction introduces 
localized mechanical impedance mismatch that produces 
reflected waves. The combination of upstream and 
downstream pressure pulses produce global pressure patterns 
in the arterial sample. Measurements are done after a steady 
regime of pulsated flow is attained in the circuit. The already 
established dynamic regime and a time reference signal 
generated by the Cardiobot (trigger at the beginning of each 
systole), allows relocation and exchange of sensors during 
measurements (for example, A-Scan and Pulsed Doppler 
measurements can be done in the same region alternating 
probe placement). Samples are mounted on an arterial 
bifurcation fixing system (couplers and adjustable arms) and 
submerged in a physiological solution pool.  This pool is 
rounded by an external water pool, where temperature 
control can be done (Fig. 2). 

 

Figure 2.  Arterial bifurcation in the physiological solution pool. 

The circuit can be filled with physiological solution or 
blood treated with EDTA sodic. Temperature control can be 
done, with a set-up point of 37°C. The reservoir is a glass 
flask containing the fluid and air. It's mean pressure can be 
adjusted at constant values by means of a hand pump and a 
differential pressure sensor. With no flow and no transmural 
pressure in the circuit, A-Scan ultrasonic measurements are 
done over the bifurcations with a 15MHz  Panametrics V313 
transducer probe fixed on a mechanical graduated 
positioning system (Fig. 3). A custom algorithm in used to 
obtain internal and external diameters and wall thickness [1]. 

 

Figure 3.  Mechanical graduated positioning system (in x, y and z axes) 

and Panametrics V313 probe during morphometric measurements.. 

After that, several hemodynamic conditions are simulated 
and measured, adjusting the flow pattern of the Cardiobot, 
reservoir pressure and the variable restrictions. External 
diameter measurements are taken at suitable points in each 
segment of the arterial bifurcation using a gold-standard 
System 6 Mainframe equipped with sonomicrometer 
ultrasonic modules [8] and ultra resolution techniques [5]. 
Pressure waveforms are obtained using Königsberg sensors 
(with high frequency response) located near diameter 
measurement points. Sensors are sutured so that sensing 
surface points to the lumen in order to obtain the hydrostatic 
component of the pressure. Velocity profiles at different 
locations are obtained using a multi-gate Doppler system 
(DOP, Signal Processing SA). Micro-spheres powder 
(scatterers) are used when the hemodynamic work bench 
simulator (HWBS) circuit is filled with a physiological 
solution or water-glycerine mixture fluid. Cross sectional 
flow is measured using suitable diameter perivascular transit 
time flowmeters (Triton flowmeters). A Statham pressure 
sensor (located in the tubing near the common segment) is 
used for monitoring and initial adjustments procedures.  
Signals are acquired at 3kHz using 12-bit data acquisition 
modules (NI USB-6009 and LabJack U3-HV) operated from 
a specially developed Matlab application. Two Tektronix 
TDS2024B, 100MHz, 4 channel digital oscilloscopes are 
used for initial adjustments and for monitoring purposes. 
Pressure and diameter samples are processed in a computer 
running a specific developed algorithm in order to obtain  
biomechanical properties of the wall by means of model 
parameter adjustment [9].  

For the reported experiments, a physical model of arterial 
bifurcation was used, surgically implemented from a sample 
of fresh porcine aorta (Fig. 4).  

 

Figure 4.  Surgically constructed physical model of arterial bifurcation. 

The common segment and the two branches are in the same plane, with a 

bifurcation angle of 60 degrees between branches. Tubing couplers and two 

Konigsberg sensors are shown.  

III. EXAMPLES OF DATA OBTAINED IN-VITRO 

Static and dynamic measurements of diameters, 
pressures, flows and velocity profiles were done in several 
locations in the common segment and branches of the 
bifurcations.  Fig. 5 shows the simultaneous acquisition of 
diameter, pressure and cross sectional flow for a location in 
the common segment.  
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Figure 5.  Diameter, pressure and flow for common segment. Time 

reference signal generated by Cardiobot at each systole can be seen at the 

bottom. 

For this experiment, a physiological solution was used in 
the circuit, with diluted suspension of microspheres (doppler 
scatterers). Fig. 6 shows velocity profiles (without filtering) 
obtained by pulsed Doppler, in the same place. Vessel 
pulsation can be seen through the variation of the profiles 
width over the x axis (distance in mm). 

 

Figure 6.  Raw velocity profiles obtained for the common segment at 

40mm from the entrance. Vessel pulsation can be seen through the 

variation of the profiles width over the x axis (distance in mm). The 

segment presented a radius of 7,5 mm at zero transmural pressure. 

IV. EXAMPLES OF DATA OBTAINED IN-SILICO 

 A simplified CFD model was constructed as a first 

approximation in order to compare in-vitro with in-silico 

results, in the framework of an improvement of a 

hemodynamic work bench simulator  (HWBS) design (in 

order to work with arterial bifurcations). The spatial domain 

used for finite-element digital simulation [10] was 

determined from geometrical measurements done to the 

surgically constructed physical model (Fig. 7).  

 

 

Figure 7.  Perspective view of the grid used for CFD simulations. 

A mean radius of  7,5mm was used for the common segment 

and each branch and a rigid wall condition was imposed (non 

elastic wall). Lengths were taken from the physical model as 

well as the bifurcation angle (implemented to be 60 degrees). 

Time dependent Navier-Stokes equations were solved with a 

suitable viscosity coefficient, using a commercial software. 

Fixed and impervious wall conditions were imposed. In the 

open ends (commons segment entrance and branch exits) 

pressure boundary conditions were applied, taken from in-

vitro experimental measurements [11].  Figure 8 shows the 

pulsated pressure measured in-vitro at the entrance of the 

common segment. 

 

Figure 8.  Input pressure waveform for the common segment entrance, 

with a pulsation frequency of 60 beats per minute. 

Fig. 9 shows the velocity profiles obtained at different times 

in the common segment  at 40mm from the entrance. 

 

 

Figure 9.  In-silico velocity profiles for the common segment. Velocities 

are expresed in milimeters per second (mm/s). 

 Fig. 10 shows the velocity profiles obtained at the same 

instant at different cross sections. Flow inversion near the 

outer walls of the bifurcation branches can be seen. 

 

Figure 10.  Velocity profiles near the bifurcation for a given time. 

Fig. 11 (left) shows the relative magnitudes of the velocities 

for the whole bifurcation in the plane x = 0 at the same time 

instant of Fig.10. Flow inversion can't be seen because this 

figure represents absolute values. Fig. 11 (right) shows shear 
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rate magnitude for the same time instant. The inner walls of 

bifurcation branches show maximum values.  

  

Figure 11.  Left: Relative magnitude of velocity (mm/s) for a given time, in 

the plane x=0. Right: Shear rate magnitudes on the walls of the vessel. 

V. DISCUSSION  

Near-physiological flow and pressure patterns can be 
obtained for different kind of arterial bifurcations by means 
of adjusting compliant tube lengths and hydraulic resistances 
as well as the Cardiobot pulsation patterns. This kind of flow 
and pressure patterns are not strictly necessary if the 
intention is a biomechanical characterization of the arterial 
wall. However, realistic flow and pressure patterns are 
necessary to study fluid-structure interactions in scenarios as 
near as possible to in-vivo ones.  

Although it is not completely equivalent to a real 
bifurcation, physical models like the one presented here, 
surgically constructed from a fresh artery, enables us to 
change at will the bifurcation angle, the segment lengths and 
the tapering.  

The dimensions facilitated the execution of the in-vitro 
measurements, which can be later compared with digital 
simulation results. Inner radius of common segment, input 
coupler and the straight tubing are similar enough to 
minimize entrance lengths effects.  

In-vitro experimental measurements afforded realistic 
waveforms of pressure that were used as boundary 
conditions at the entrance and exits of the bifurcation CFD 
model. 

Velocity profiles obtained in the common segment during 
in-vitro measurements shows a time variation in their widths 
due to the radius variation of the arterial wall, as 
consequence of pulsed pressure and elastic compliance. 
Centerline velocities obtained in-silico (210 to 270 mm/s) for 
the common segment is greater than the one measured in-
vitro (90 to 211 mm/s). This difference must be assessed 
taking into account experimental and numerical computation 
errors, pulsed doppler measurement limitations in resolution, 
wall radius variation, energy dissipation in the arterial 
tissues, and the rigid wall condition of the simplified CFD 
model.  

The experiments reported in the present paper were done 
in the framework of an improvement of a previous 
hemodynamic work bench simulator (HWBS) design of the 

FCIEN-FMED group.  The improvement was necessary in 
order to work with real arterial bifurcations and to use the 
experimental data as inputs in realistic digital simulation of 
fluid-structure (FSI) interactions. This kind of digital 
simulation requires a knowledge of the biomechanical wall 
properties. These can be obtained by adjusting the 
parameters of a suitable viscoelastic model of the arterial 
wall to pressure-diameter data [8] [12] obtained in-vitro 
using the HWBS and real arterial samples.  

Properly fine-tuned in-silico CFD+FSI digital simulation 
based on in-vitro experimental data allows the determination 
of physical magnitudes and hemodynamic indexes (like 
oscillatory shear index (OSI), temporal wall shear stress 
gradient (TWSSG), spatial wall shear stress gradient 
(SWSSG), etc. [8] [13])  that can't be obtained easily in 
experimental in-vitro measurements. 
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