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Abstract: In this research, we present a new designed experimental setup for study of characteristics
of pulsatile flow in elastic tubes, aiming to simulate arterial blood flow. This system includes four
major components: (1) a pulsatile pump producing original arterial flow, (2) an elastic element to
simulate coupling of the heart with the arterial system, (3) an elastic tube with mechanical
characteristics of the arterial wall and assembly of pressure transducers to monitor inlet and outlet
pulsatile pressures and the resultant pulsatile pressure gradient and (4) a resistant element to simulate
peripheral resistant distal the artery. The system is capable of performing under different mechanical
conditions, including tubes with different elastic moduli and fluids with different viscosities.
Experimental results showed a precise ability of producing original blood flow waves and recording
pressure pulses and pressure gradient waves under different mechanical conditions. The resultant
pressure pulses were compatible with the diastolic-systolic pressure pulses of typical arteries. The
system showed an accurate sensitivity to variations of fluid viscosity and elasticity of tube wall.
Experimental results showed that stiffening of the wall resulted in decrease of mean pressure gradient
pulse. Results also showed that an elevated fluid viscosity led to a higher mean value of pressure
gradient and less fluctuation of pressure gradient pulse. Results are in good agreement with theoretical
considerations of higher energy dissipation and consequent pressure drop by increased fluid viscosity.
The designed experimental setup might be used in evaluation of hemodynamic parameters in patho-
physiological situations such as stenotic arteries and age related stiffening.

Key words: Pulsatile flow, hemodynamics, pressure gradient

[11,12]

INTRODUCTION shear stress , temporal variation of the shear
stress'®!, spatial wall shear stress gradient!'*'"! and wall
Hemodynamics plays an important role in tension!"®'"!. In addition, blood vessels are constantly

understanding the nature of blood flow through the
cardiovascular system. The study of the hemodynamic
parameters, such as the pulsatile blood pressure and
flow and resistance to the blood flow'"), allows a better
understanding of blood circulation.

Since initiation and development of many
cardiovascular diseases have been attributed to
hemodynamic parameters, such studies have become of
particular importance during the past few years”™.
Cardiovascular diseases are one of the major causes of
world mortality®.

Various hemodynamic parameters have been
implicated in the development of cardiovascular
diseases. Such parameters include disturbed flow

patternslé'”, low shear stresslg'lol, low and oscillating

exposed to pulsatile arterial blood pressure. The
oscillatory pattern and magnitude are indicators of
development of cardiovascular diseases such as
atherosclerosis!'®'.

Elasticity of the arterial wall is another determinant
of flow behavior through wall tension and displacement
caused by pressure pulse. Wall stiffness markedly
influences the value and profile of pressure gradient
wave and velocity of blood"” and therefore,
significantly affects wall shear stress along the arterial
tree”™. From the clinical point of view such
phenomenon implies that the arterial wall elasticity
influences the shear force pattern on endothelial cells,
which is the principal indicator of endothelial injury
and atherogenesis'*'".
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A considerable number of studies have investigated
effects of hemodynamic parameters on blood flow and
development  of  arterial  diseases™.  These
investigations are mainly divided in two categories:
numerical and  computational modeling and
Experimental investigations''. Due to the experimental
limitations, many studies have used computational
modeling to simulate blood flow under different
hemodynamic conditions'™®.

A number of experimental setups have been
developed during the past recent years. Most of these
experiments have studied velocity profiles in different
scales of stenosis without consideration of wall
elasticity®®!. Other proposed setups provide the
ability of studying both velocity profile and the
magnitude of pressure, along with coupling the
numerical models with fluid-structure interaction (FSI)
analysis to consider the effect of wall elasticity.
However, the scope of this field has not been extended
to simulation of pulsatile flow'*.

In this research, we present a new experimental
system which is specially designed and developed to
produce original pulsatile blood flow and to detect and
measure arterial blood pressure and pressure gradient
waves for differing hemodynamic and geometric
parameters, including fluid viscosity, wall stiffness,
wall dimension and luminal stenosis. Since this setup is
capable of performing under varying viscosity of
working fluid along with differing wall stiffness, the
resultant data can be used in FSI modeling of
circulating fluid with pulsatile flow. With respect to the
described characteristics, the proposed experimental
setup provides a useful mean to study the hemodynamic
parameters, in normal and stenotic conditions.

MATERIALS AND METHODS

A schematic representation of the designed setup is
presented in Fig. 1. The system consists of three major
components: Fluidal pivot and fittings, programmable
pulsatile flow pump and data acquisition and processing
system.

Fluidal pivot and fittings: To study effects of wall
elasticity on flow patterns, an elastic tube with defined
stiffness modulus is used. For biological applications,
medical grade silicon tubes are used with differing
dimensions and mechanical properties. The dimensions
and mechanical properties are chosen to comply with
arterial characteristics'. In this study, a silicon tube
(D-34209, B.Braun Infusomat®, Switzerland) is used
similar to dimensions and elasticity of brachial
artery'>’!, as presented in Table 1.
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Fig. 1: Schematic representation of the experimental
setup

Table 1: Characteristics of the elastic tube.

Inside Diameter” Length” Thickness” Elastic Modulus™
(mm) (mm) (mm) (KPa)
4.7 105 0.9 560

" The dimensions are measured at zero stress condition
™ At 0 to 10% of strain

Elastic properties of the tube are measured using a
tensile test unit (HCT 25/400, Zwick-Roell, Germany).
After evaluation of non-linear load-displacement curve,
the stress-strain relationship is calculated based on
dimensions of tube under test and large deformation
theory. The elastic modulus is chosen as the slope of
the curve in the strain range applied in this study, i.e. 0-
10% complied with arterial strain pulse. The stiffness
modulus of the tube is considered as the slope of the
curve in 0-10% strain range (Fig. 2).

The elastic tube is assembled in the set up as
shown in Fig. 3. In cardiovascular system the coupling
of the heart with arterial tree is of great importance. The
highly distensible aortic root and ascending aorta play
an essential role in this coupling. Such effect is
described in Windkessel model as the elastic **. To
simulate such effect an elastic element is placed before
the elastic tube as described in schematic diagram of
Fig. 1.

After the elastic tube, the remaining part of the set
up contains an assembly of tubes. Such assembly is
designed with a resistance to flow equivalent to total
peripheral resistance of the typical human circulation.
Such resistance is designed to vary for simulation of
different hemodynamic situations. The elastic element
shown in Fig. 1 stands for the elastic property of aorta
and the resisting element in the setup represents the
existing hemodynamic peripheral resistance of human
circulation.

Blood pressure transducers for in vivo applications
(MLT0670, ADINSTRUMENTS, Australia) are used
with the operational ~ pressure range of
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Stress-Strain Curve of the Silicone Tube
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Fig. 2: The stress-strain curve of the silicone elastic tube: a) overall curve, b) curve within the 0-10% of strain
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Fig. 3: Assembly of elastic tube and pressure
transducers within the setup

-50 to 300 mmHg and sensitivity of £1 mmHg, to
measure and detect pressure waves at both ends of the
elastic tube. The assembly of transducers enables
detection and measurement of pressure gradient wave.
The pressure gradient wave is measured by subtracting
the outlet (P2) and inlet (P1) pressures measured by
pressure transducers simultaneously. Figure 3 shows
assembly of pressure transducers.

Programmable pulsatile flow pump: A specifically
designed pulsatile pump is manufactured to generate
pulsatile flow in a wide range of physiological
applications. The device comprises mechanical and
electrical units. The mechanical unit is composed of
four components: A servo-motor, a planetary gearbox, a
ball screw and a cylinder tank. The servo-motor
(MDFKS 056-23 190, LENZE, Germany) is connected
to the ball screw (SFI2005, COMTOP, Taiwan) by a
planetary gearbox (MPRN 01, VOGEL, Germany),
making the screw to rotate in clockwise or anti-
clockwise directions. The ball is placed inside the
piston head and therefore, rotation of screw makes the
piston to slide forward or backward within the cylinder

h__ ™ ﬁ}

Piston

Gearbox

Servo-Motor

Ball-Screw

Fig 4: Schematic view of the pump and its mechanical
sections

tank. The gearbox eliminates any probable loosening
between the rotating shaft of the motor and the
screw!”!. Figure 4 shows a schematic representation of
the pump components.

The piston exerts force to the working fluid inside
the filled cylindrical tank and pushes it to flow out of
the tank towards the circuit. The ejection of working
fluid out of tank is proportional to the moving pattern of
the piston. This implies that by a pulsatile movement of
the piston, a pulstaile flow pattern is generated'®”’.

The electronic unit of the pump contains a
microcontroller which controls the rotational pattern
and speed of the servo-motor'®®!. The programmable
microcontroller (ATMegal28, Atmel AVR®, USA) is
programmed by a designed code in C programming
language to produce the desired arterial flow pattern.
Because of the frequency response of the servo-motor
and the sampling time of the microcontroller, there are
no limitations for this pump to produce original
pulsatile flow pulse of the arteries in body'”".

Data acquisition and processing system: The
transducers are connected to two separate amplifiers
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Fig. 5: The result window

(ML117 BP Amp, ADINSTRUMENTS ", Australia),
for amplification of output signals of the pressure
transducers before being processed. The amplifiers are
connected to the main data processing unit
(Powerlab/4SP, ADINSTRUMENTS, Australia) by
MLACOS cables. This unit is a hardware connected to a
computer processing the amplified output signals of the
two transducers. The processed data are being
converted to numerical graphs by the 'Chart for
Windows™~ v5.0.1' software. The software is set to
display the graph of three waves (PP, and AP)
simultaneously. The output window showing the results
of measurement and pressure gradient wave is shown in
Fig. 5.

Experimental protocol: The elastic tube and pressure
transducers are assembled, as represented in Fig. 1. The
inlet reservoir is filled with the working fluid. The
transducers and connected tubes are discharged of any
remaining bubbles.

The transducers are discharged while the setup is
working and the working fluid is running within the
circuit. When the working fluid reaches the transducer,
the discharge valve is open, making the fluid within the
transducer flow outwards and the remaining air bubbles
come out of the transducer. After discharging, the pump
is stopped and ready for final calibration.

Because of the effect of electronical hysteresis on
the measuring units (transducers and the processing
unit), the initial values of pressures displayed are not a
zero value and therefore calibration is required. This is
performed through the 'Chart for Windows — v5.0.1'
software. After the calibration is done, the system is
ready to run and recording the results. The overall view
of the experimental setup is shown in Fig. 6.

Three sets of experiments are performed. In the
first set, the setup runs with a viscosity of working fluid
of 1 cP to simulate the physiological conditions of
arterial blood flow in body. In the second set, the

Fig. 6: Overall view of experimental setup
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Fig. 7: The flow pattern of brachial artery""!

Table 2: Mechanical characteristics of sets of experiments

Elastic modulus of

Experiment tube wall (MPa) Fluid viscosity (cP)
1 0.56 1cP

2 0.56 16 cP

3 120000 16 cP

viscosity is elevated to 16 cP to study effects of fluid
viscosity. The third set includes use of a rigid tube with
the same dimensions to investigate effects of wall
elasticity. Table 2 presents the characteristics of each
experiment.

The input flow rate of all experiments is set as the
physiological pulsatile flow of the brachial artery
(Fig. 7) as reported by available data™".

RESULTS AND DISSCUSION

Figure 8 shows the average values of recorded
pressure (P;) and pressure gradient waves of the first set
of experiments.

The pressure wave ranges from 78 mmHg to 121
mmHg, with a pressure gradient wave oscillating
between 1 to 4 mmHg (Table 3). These data Comply
with brachial blood flow characteristics'>">",

Figure 9 shows results of effect of change in
viscosity on pressure and pressure gradient pulses. By
elevation of viscosity to 16 cP the fluctuation of P,
wave is reduced, as the systolic pressure drops to 104
mmHg and diastolic pressure rises to 90 mmHg. The
mean value of pressure gradient wave increases
markedly, varying from 11 to 16 mmHg, with a mean
value of 13 mmHg (Table 3).
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Fig 10: The pressure wave (a) and pressure gradient
wave (b) in experiment No. 2

Table 3: Results of the three sets of experiments.

Pressure (P;) pulse Pressure gradient pulse

Experiment MmHg mmHg
1 78-121 1-4

2 90-104 11-16
3 90-104 3-6

The third set of experiments is conducted to study
effect of wall stiffness on pressure and pressure
gradient waves Fig. 10. Results show that by stiffening
wall to the stiffness of a rigid tube, the P; wave remains
unchanged, with its systolic and diastolic values being
104 and 90 mmHg respectively. The mean value of
pressure gradient wave in this case is reduced to 4.5
mmHg fluctuating between 3 to 6 mmHg (Table 3).

The designed experimental setup is assembled to
study effects of tube wall elasticity on flow parameters
in a range of mechanical parameters including fluid
viscosity. The design aims in simulation of arterial
circulation. Arterial hemodynmaics is markedly
influenced by coupling of the heart with aorta; and
coupling of arterial tree with distal arteriolar and
capillary network. Such couplings necessitate design
and assembly of elements to simulate aortic compliance
and peripheral resistance. The current design allows
study of change in such elements on arterial
hemodynamics. This occurs in situations such as aging
in which aortic root stiffens and when peripheral

1734



Am. J. Applied Sci., 5 (12)

resistance changes due to altered metabolic alterations
in exercise. The precision of design and accuracy of
assembly allow a better understanding of arterial
hemodynamics. The resultant parameters obtained from
experiments are in good agreements with published
biofluid mechanical data.

Results show that by increase of fluid viscosity, the
pressure drop increases. This is shown by elevated
mean value of pressure gradient wave in experiments
with high viscosity. This is well compatible with
theoretical results of flow in cylindrical tubes. By
increase of viscosity, the resistance to flow increases
and a higher pressure gradient is required for
maintaining constant flow. Although the mean value of
the pressure gradient increases by elevation of
viscosity, the amplitude of the inlet pressure pulse is
reduced. While the pressure fluctuation (systole-
diastole) is equal to 43 mmHg for the viscosity of 1 cP,
the amplitude is reduced to 14 mmHg for the viscosity
of 16 cP. Te energy dissipation due to viscous effects
causes damping of the pressure fluctuation and this
effect is elevated by increase of viscosity. It can be seen
that elevation of viscosity leads to increased pressure
drop across the tube length and decrease of pressure
pulse amplitude.

Comparative results of distensible and rigid tubes
show that stiffening of the tube wall causes reduced
mean pressure gradient and pressure gradient amplitude
for an identical fluid. Since the viscosity of the fluid is
constant, the inlet pressure pulse remains constant.
However, there is a less pressure drop across a rigid
tube. For the distensible tube due to wall displacement,
the energy dissipation due to viscous effects of the fluid
and inherent visco-elasticity of the tube wall leads to a
higher pressure drop.

CONCLUSION

A new experimental system is designed to analyze
the pulsatile flow in elastic tubes for hemodynamic

applications. The system simulates physiological
arterial blood flow and results are well complied with
published data.

The system is capable of studying the effects of
changes in elasticity of wall and the viscosity of fluid.
The results can be used in fluid-structure interaction
(FSI) modeling as the input data and boundary
conditions.
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