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Abstract

This study of forced oscillation effects on phantom human aorta is a concept extended from
previous research on airway smooth muscle to a study of aortic tissue, and the phenomena that
induce oscillations in the aorta modelled as a fluid-conveying pipe. The study was carried out to
measure the pressures and flows at different frequencies and amplitudes with material properties,
the pulsatile nature of blood flow as distinct from respiration, and differing boundary conditions.
Mathematical modelling, software simulation and experimental work on human phantom aorta

were carried out.

The simulation was done using Wolfram (Mathematica®] 0, USA) software. The 1-Dimension
mathematical model for pressure and velocity was simulated for different signals and boundary
conditions. The simulation was fitted with interpolation and to produce one beat with all the

information to be repeated. The simulation response was compared with the experimental set

up.

The experimental set up, using the phantom human aorta, was used to verify the simulation
responses. Dragon Skin®10 was used as material to make the phantom aorta. The phantom
aorta was submerged in fluid (water) to give boundary conditions more similar to a human
aorta for the readings. The readings used a function generator, LDS® V406 shakers along with
LDS® PA 100E power amplifier and force displacement transducer to get output responses.
The readings were taken from frequencies between 5 Hz to 49 Hz with 1-2 Vpp amplitude. The
response to the forced oscillations were significant for the frequency range between 30 Hz and
35 Hz with maximum amplitude of 2 Vpp in excitation magnitude. However, the ascending
aorta showed reduced values under the same conditions. In contrast, flow had a very weak
response between 5 Hz to 20 Hz; only at higher frequencies flow did more vibrations occur

which made the experimental set up unstable.
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Glossary/Abbreviations

Aorta:

A major Artery of human being that supplies blood to every parts of the body
Arteries:

It emerges from the main artery, they are tubular muscular walled forms the network in the
circulation system in which blood is flowing

Ascending Aorta (AO):

Emerge as the top part of aorta near to the heart

BVP = Boundary Value Problems

Cardiac output:

The amount of blood pumped out of the heart per minute. Expressed in L/min usually
Descending Aorta (DA):

It is the bottom part of aorta that moves away from the heart

ET = Arterial stiffness

Haemodynamic:

Flowing of blood in the tissues and organs

Pb = Pressure backward of blood

Pd = Pressure diastolic of blood

Pf = Pressure forward of blood

PP = Pulse Pressure of blood

Phantom Aorta:

An artificial part of the human cardiovascular system

Pulse Wave Velocity (PWV):

Arterial stiffness measurement, or the rate of pressure wave moving down in blood vessel
Veins:

It carries the deoxygenated blood to the heart

Zc¢ = Characteristic Impedance
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Symbols of Equations

SI units are given, with common alternatives where applicable

A = area, m?

¢ = wave speed, m/s

p = density of fluid, kg/m?

D = diameter of aorta, m

E = modulus of elasticity, Pa

g = acceleration due to gravity, m/s
H = Pressure head, m

h = height of aorta, m

P = aorta pressure, Pa or mmHg

Q = flow discharge, m*/s or L/min

x = distance of pipe, m
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Chapter 1: Introduction

1.0 Background

The heart is the most vital organ of the human body, it plays a very important role in transporting
the blood to every part of the body. The heart pumps oxygenated blood from the lungs to the
heart and then to various parts of the body through arteries. It carries de-oxygenated blood from
various parts to the lungs passing through the heart, through the veins.

In order to study the arterial responses to the external forced oscillations, a force can be applied
to the descending part of the aorta. The aorta is the major systemic artery which ascend from the
heart and then descends into various arteries. The present research will give an insight about the
responses of the aorta to applied forced oscillations at descending aorta by observing output
responses at both descending and ascending aorta.

The motivation behind the aim of this project is to investigate how superimposed oscillations
phenomena for lung relaxation may also possibly be used in the cardiovascular system for
managing blood pressure through induced responses in the aorta. Two such phenomena are
forces arising due to fluid momentum and forces arising due to whole body vibrations. An
analytical model and simulation will be used to inform an experimental (in-vitro) investigation

in simulation aortic tissue.

1.1 Overview of the Cardiovascular System

The circulatory system consists of the following;
e Arteries
e Arterioles
e C(Capillaries
e Venules

e Veins

14



Capillary bed of lungs where
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tissues where
gas exchange
occurs

Figure 1.1: Overview of the human cardiovascular system [1].

The blood circulatory system is known as the cardiovascular system (Figure 1.1). The entire
cardiovascular system consists of heart, blood and blood vessels. The aorta is known as the
primary artery and the main function of the aorta is to distribute the oxygenated blood to the
body to maintain the blood pressure [2]. Branches from the aorta supply blood to every vital
organ in the human body. The venous system brings back the deoxygenated blood to the heart.
The circulatory system also transports oxygen and carbon dioxide absorbed products of digestion
and metabolic waste to liver and kidneys along with immune cells, hormones, clotting proteins,
and through the regulation of skin blood flow, performs thermoregulation.

There are many abnormalities and diseases that have an impact on the cardiovascular system
which are called cardiovascular diseases. The diseases that arise from the cardiovascular system
are mainly two types firstly, congenital diseases present at the birth and the other due to lifestyle
or daily habits, such as lack of physical activity and drinking, smoking and over eating. The

common symptoms associated with these diseases are high blood pressure or low blood pressure
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in some cases. This results in higher probability of aneurysm and risk of stroke. At present these

diseases are normally treated by using oral medication or surgery.

1.2 Aorta

1.2.1 The Systemic Circulation of the Major Arteries
The largest artery of the body is aorta. The aorta in adults is about 2-3 cm in diameter

(about 1 in.) and it starts from the left ventricle of the heart. The diameter decreases
as it descends to its terminal position in various organs. The aorta’s branches are
named based on their shape or location. The aorta goes slightly upward from the left
ventricle of the heart, it is called the ascending aorta, and has arches to the left side
called the aortic arch. It goes downward, via thorax, passing the spine (thoracic
aorta) and enters the diaphragm and then into the abdominopelvic cavity where it is
known as the abdominal aorta ( figure 1.2). The Aortic Arch is about 4-5 cm (almost 2
inches) and it has the following branches which are namely, the brachiocephalic trunk
which is the first branch that splits into the right common carotid and right artery
[3]. The second branch from the aortic arch is the left common carotid artery which
further divides into left internal carotid artery which goes to the brain and the left
external carotid. It further goes to the muscles and skin of neck and head. The third
branch goes from the aortic arch, which is the left subclavian artery, then goes to the
vertebral artery to serve the few parts of the brain. The subclavian artery forms the
axillary artery which further continues to become the brachial artery to supply the
blood to the arms. It further divides into radial and ulnar arteries at the elbow to

supply blood to forearm.
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Arteries of the head and trunk
Internal carotid artery
External carotid artery
Common carotid arteries
Vertebral artery
Subclavian artery
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Celiac trunk
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artery Ulnar artery
Renal artery ’
Gonadal artery 7T
3 y \ Deep palmar arch

| : ’ ~—Superficial palmar arch
‘\\‘i
LA :‘

Digital arteries

Arteries that supply the lower limb

Inferior mesenteric artery Common iliac ariery

External iliac artery

Femoral artery

Popliteal artery
Internal iliac artery

Anterior tibial artery
Posterior tibial artery

Dorsalis pedis artery

Arcuate artery

Figurel.2: Cardiovascular system of Human [3]

The thoracic aorta branches to form the intercostal arteries in 10 pairs to serve the thorax
wall muscles, while the other branches the thoracic aorta serves are the bronchial

arteries of the lungs, oesophageal arteries of the oesophagus and phrenic arteries of the

diaphragm.
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1.2.2 The Branches of the Abdominal Aorta

The first branch of the abdominal aorta is called the celiac trunk. This is a single vessel
which has 3 branches namely; 1. Left gastric artery, to serve the stomach 2. Splenic

artery, serve the spleen; and 3. Hepatic artery, to serve the liver.

According to Fiore and Schmidt [4], due to the elastic nature of the walls of aorta, the
blood pressure is maintained in the entire human body. When the aorta receives the
blood from the heart it recoils to the pulsating blood pressure which is transported to
whole body by the capillaries, although the pressure oscillation decreases due to the

branching of the capillaries.

The Aorta is histologically formed by mixtures of endothelial cells, smooth muscle
cells, nerves, extracellular matrix and the likeness of fibroblast cells. The aorta is lined
by chemoreceptors and baroreceptors which act as a relay to carry information about
the requisite levels of the blood pressure, carbon dioxide and blood pH levels to the

brain.

In summary, the aorta is a highly complex and specialised part of the cardiovascular
system for transporting the oxygenated blood to the whole body and not just an ordinary
tube. The main function is to carry blood away from the left ventricle [5]. It also helps
with arterial and myocardial perfusion functions for the whole cardiovascular system
[6]. The elastic nature of aorta induces pulses which propagate in the entire aorta in
response to blood flow and to maintain the blood pressure in the body. Normal blood
pressure and normal blood flow is maintained due to the vital role played by the elastic

nature of aortic walls.

1.2.3 Arterial pressure waveform during a cardiac cycle

When blood is pumped or ejected into the aorta from the left ventricle, during which the
elastic walls of the aorta are stretched due to this, the aortic pressure is marginally below
ventricular pressure during the time of ejection. The elastic recoil of the aorta is due to the
drop in the pressure in the ventricle below the pressure in the aorta. This results in blood
flow toward the ventricle. Subsequently, the aortic valve closes and due to this, the pressure

in the aorta increases slightly. This gives a dicrotic notch in the pressure of the aorta (refer
18



to figure 1.3). The meaning of dicrotic is “double-beating”, whenever there is an increase in
the pressure because of recoil a double pulse can be felt. The other name for the dicrotic
notch is “incisura” which means a cutting into. The pressure in the aorta starts gradually
falling during ventricular diastole as blood flows through the peripheral vessels. After the
aortic pressure reaches approximately 80 mm Hg the ventricle contracts to force once again
more blood into the aorta. In clinical studies the blood pressure changes in the aorta are
considered rather than in the left ventricles for blood pressure measurement. For a young

adult who is at rest, blood pressure in the aorta fluctuates between 120 mm Hg systolic and

80 mm Hg diastolic.
1204+ - - === — — — - Systolic Pressure — - —— =
ot RK 16
—_ D\CVO"‘CN 9
g .
7]
= o
s o
g 100 4 g
|
7 | __ DO a
D QO
o Ventricular ; =
o Ejection f-(’
= N
@]
2 80 4 - NNG—G—_
4 | Cardiac Cycle o

Time

Figure 1.3: Arterial Pressure waveform during a cardiac cycle [7].
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Chapter 2: Literature Review

2.0 Introduction

The aorta is the largest artery in the body, rising from the heart's major pumping chamber, the
left ventricle. The walls of the aorta are made up of three different layers of tissue: a thin inner
layer (intima); a thick, elastic middle layer (media); and a thin outer layer (adventitia). The
structure of these layers is important to the proper functioning of the aorta [8]. In the normal
aorta, the elastic fibres are present throughout and are especially dense in the wall of the
ascending aorta, which experiences the greatest force with each heartbeat. These components are
normally under tension as indicated by the contraction of the vessel length and diameter.
Moreover, excessive aortic vibrations may also be a major cause of fatigue failure [9-10].
Excessive aortic vibrations levels usually occur when a mechanical natural frequency of the
aortic system is excited by some pulsation or mechanical source. The vibration mode shapes
usually involve lateral vibrations and/or shell wall radial vibrations [11-17]. Although an analogy
with industrial systems has been studied previously in the biomedical literature [ 18-22], the study
and the understanding of the dynamics of this branch is rather complicated due to the coupling
effects and due to the heterogeneity of the organ radially [8] as well as other factors. There is a
major need for practical as well as scientific information on the behaviour of the aortic wall under

different kinds of oscillations.

In previous work performed by the Institute of Biomedical Technologies (IBTec), Auckland
University of Technology [23-25], it has been found that the active force in contracted airway
smooth muscle is reduced by imposition of vibrations (tidal and length oscillations) and that
these interactions are dependent on both frequency and duration. Although the structure of the
aorta is different to lung tissue, there are similarities, including both trachea and aorta having

multi-unit smooth muscle media layers.

This work will extend the IBTec research on airway smooth muscle to a study of aortic phantoms,
and the phenomena that induced oscillations in the aorta modelled as a fluid-conveying pipe.
Particular differences will be the different material properties, the pulsatile nature of blood flow

as distinct from respiration, and differing boundary conditions.
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2.1 Physical model of the arterial system
2.1.1Arterial Tree Modelling

The advancement in vascular flow simulation methods for large arterial trees gives our
present research an important perspective on blood flow simulation which is one of the vital
parts of the research under this study. There are two types of methods considered according
to the vessel diameter such as;

According to Anor et al. [37], “

(a) Macrovascular Network (MaN), which includes large arteries down to a diameter of 0.5
mm.

(b) Mesovascular Network (MeN), which consists of small arteries and arterioles, varying
from 500 yum down to 10 um by forming a tree like structure.

(c) The Microvascular Network (MiN), which represents the capillary bed, following a
mesh-like structure”. In consideration of Anor et al. [37], we conclude that it gives more
confidence in the present research to develop a mathematical model for simulation and
subsequent use for validation with an experimental set up. Although in other work
simulations were done for large arterial networks, such as the intracranial tree, this makes
our research easier as we are dealing with only one major artery of cardiovascular system
1.e. aorta.

However, it also demonstrates that new multiscale modelling methods are required for
understanding the effects of complex multiscale pathophysiological processes which is
part of cardiovascular diseases [37]. At present, typical 3D simulation of blood vessels requires
several days of computation. To reduce time, optimization is required primarily for the two
most difficult time-consuming steps, being construction of anatomical geometry and numerical
calculations. The main that question remains is, do the proposed methods offer clinical value?
Our research is confined to the artificial set up at present, with an emphasis on simulation results

which can be validated in future, while an actual human aorta will have more clinical value.

2.1.2 Comparison of Windkessel, 1-D, 3-D models for Pulse Wave Propagation

The physical and mathematical modelling of pulse wave propagation is based on general fluid

dynamical principles. Modelling may cover adaptation of the arterial system over short and long
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terms and must deal with uncertainties in personalised model parameters and boundary

conditions. The main methodologies used are as follows;

(a) Windkessel models: This model provides a lumped description without permitting studies
of pressure and flow wave propagation. It has got limited parameters which represent the
main properties of the arterial tree distal to the point of interest [47].

(b) 1-D models or Distributed models: They are formed by breaking up the major arterial tree
into minor segments with known mechanical properties and geometry. Womersley’s
(1957) oscillatory flow theory shows characteristics of wave transmission. Arterial tree
models can also be made based on 1D Navier-Stokes equation for mass and momentum
conservation. For transmission of local pressure and flow models, 1D is very useful and
the same has been used in our mathematical model simulation [47].

(c) 3-D models: These are usually for the detailed information. The 3D model is needed in
predicting complex fluid phenomena for specific flow in the arterial site with realistic
boundary conditions. There is rigorous use of Computational Fluid Dynamics (CFD) for

3D models [47].

Numerous aspects of circulatory, physiology and pathology are dictated by the pulsatile nature
of blood flow. The true physical quantities and right parameters will yield pressure and flow
predictions accurately by 1D model [47]. There is a limitation to microcirculation models based
on linear Windkessel models which do not model reflection in vivo during autoregulation which
involves neurovascular coupling as described in Martens et al.(2009) [48]. Ideally, models will
also be amenable to experimental measurement for sensitivity analysis. Arterial models should
also be coupled with the venous system, which requires appropriate modelling and taking into
account the particularities of venous and cerebrospinal flow (e.g., valves and collapsible tubes)
[47]. However, the present research is limited to the 1-D and limited to only aorta and no other

arteries and veins.

2.1.3 Comparison of 1D and 2D Arterial Models

The arterial model is easily solvable analytically with both a one dimensional (1D) and also with
a two dimensional (2D) model. There have been various models: Linear and non-linear in one
dimensional and two dimensional models. All models are useful to understand the arterial tree

[38].
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Due to conceptual understanding of vessel response there is no exact model that can represent
all arterial properties. A useful model generates waveforms free from artefacts.
The choice of model is based on its degree of complexity and schemes of computational

solutions.

2.1.4 One dimensional equation (1D) [38]

Important assumptions made about the vessel are that it is elastic, isolated and circular, these are
our considerations for our simulation mathematical model with variable circular tube with
tapering in length. Blood was considered as Newtonian and incompressible fluid flowing in the
vessel according to Navier-Stoke equation. Therefore equation 1 is given on basis of the

continuity and equation 2 is based on the momentum of fluid dynamics [38].
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By using eqn. 2 and eqn. 4 we can develop an empirical relationship between pressure and radius.

This is very important for the present research simulation model development [38].

A =1n(R, + Bp)? (5)

A denotes cross sectional area, u axial blood velocity, x the axial coordinate, Ro is vessel radius
at zero pressure, and S is the compliance constant of the vessel. The present research starts with
1D equations. In consideration of Ohgre et al. [38], we conclude that the 1D equation is easier to

compute and can easily be analysed, although it gives the same results as 2D equations.

2.2 1D Models

2.2.1 Multibranched human arterial model
Avolio’s [41] model incorporates the origin of reflected pressure waves in arterial system of a

human multi-branched arterial tree. The model represents the human arterial tree architecture
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which encompasses physical properties and bifurcation of the arterial segments. This model uses
spectral techniques on pressure and flow waves along with linear theory [41]. The model does
not include the nonlinear elastic properties of arteries [41]. It found that the most profound
changes in the systemic input impedance occur due to alteration in reflection
coefficients of vascular beds [42]. It calculates impedance of the ascending aorta which is
in close agreement with previous publications. It has introduced pressure wave propagation
mapping techniques. The aorta behaves differently in periphery in terms of retrograde
transmission. In consideration of Karamanoglu et al. [42], we conclude that there are a few
shortcomings - it does not include nonlinear elastic properties of the arteries and also the tapering
of arterial segments is not included. However, the present research does incorporate a changing

diameter of the aorta.

1-D model of blood flow in compliant vessels to study the effect of local stiffening of an artery
on the flow and wave propagation patterns is a very important aspect for the present research
which gives the numerical investigation of a 1-D model of blood flow in human arteries using
Galerkin and a Taylor—Galerkin formulation. The methodology of using the Governing
Equations, Discontinuous Galerkin Method, and Taylor—Galerkin Method with adoption of
simplified model consisting of the 55 main arteries in the model was used by Sherwin et al. [28].
They showed that the terminal resistance generates regions of reversed flow and also produces
a waveform in the ascending aorta which includes a dicrotic notch. This gives us an important
basis of our research to apply forced oscillations at descending aorta and see the effects on
ascending aorta [28]. The dicrotic notch is a physiological feature that has been observed in
flow measurements in vivo. Sherwin et al. leave an unanswered question about how to model
reflected waves at the bifurcations and these reflections lead to superimposition of waves which
might result in increased peak pressures at other points of the arterial tree [28].

Specifying the outlet flow conditions is needed in 3D incompressible flow simulation within a
rigid geometry. The proper outlet flow conditions in blood flow simulations through asymmetric
arterial bifurcations were investigated by prototyping asymmetric arterial bifurcation and are
modified by developing the daughter vessels to mimic effects of stenosis [33].

The boundary conditions of the 3D simulations have been implemented on commercial
software, FLUENT™ for the outflow boundary conditions. 1D outlet conditions are effectively
implemented to produce a full time-dependent model [33]. The concept of using 1D outlet
conditions with 3D simulation is very noteworthy for the present research which has the

simulation of 1D mathematical equations. In considering Johnson et al. [33], we conclude that it
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has shortcomings in that it does not investigate 3D geometry (like curvature), blood properties

(like viscoelasticity), and on wall properties (like elasticity).

2.2.2 Individual Tube models

The tube model is another important basis for the present research work and describes a pressure
transfer function of the brachial artery to aorta for blood pressure, based on distal load and local
arterial behaviour. Tube model methodologies, which are based on anatomy and uniform tube
models show an interesting results that the transfer function from brachial artery to aorta can be
simply based on a lossless uniform tube. This is very useful for developing the present research
simulation model in that the outcome indicates that arterial tapering is only a minor factor. The
peripheral bed, i.e., the Windkessel parameters, are of limited influence on the pressure transfer:
it has been found that changes in peripheral resistance, which can vary over a wide range, had
only a small effect on systolic, diastolic, and pulse pressure. In consideration of Westerhof et al.
[32], we conclude that there is one shortcoming which is that they did not evaluate the influence
of heart rate or other cardiac factors. Also, there are two unanswered questions, firstly, that to
conclude whether or not a generalised transfer function can be used for other models. Secondly,
is it possible that the individualised transfer function will improve the calculation of central
pressure, when the travel time is measured, preferably noninvasively [32]?

To assess pulse transit time and wave reflection alone from the pressure waveform can be done
through non-invasive methods. The method of triangulation approximation of flow wave
assessment is proposed by Westerhof et al. [34], while Qasem et al. [35] proposed, to verify the
assessment from recording through a single pulse for aortic pulse wave velocity and to explore
the estimation through pulse wave velocity and the Reflection Method (RM). This is very
important for the present research as it does apply non-invasive external forced oscillations on
the phantom aorta under study. In considering Kips et al. [36], our conclusion is, the study is
entirely based on noninvasively measured data, and the quantification of wave reflection, by
using a triangular flow wave approximation, shows limited accuracy when applied to
noninvasively measured pressure and flow data [36]. Therefore, an important question remains
regarding whether not there was the need of invasive methods to improve the approximation

method.

Testing of nonlinear, one-dimensional (1-D) equations of pressure and flow wave propagation in
conduit arteries against a well-defined experimental 1:1 replica of the human arterial tree
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provides greater accuracy during simulation. The experimental model and numerical model
based on 1-D equations reproduce the main features of the pressure and flow wave propagation
which builds the confidence in the present research for large artery of human cardiovascular
system. The 1-D formulation and numerical model, based on the geometry wall compliance and
boundary conditions of the system are used for mathematical simulations. In consideration of
Matthys et al. [46] we concluded that the effects of curvature of the vessels can be neglected.
However, the significance of the effect of the viscoelasticity of the silicone wall on damping
peripheral oscillations is unanswered. The present research uses a silicone wall: Dragon Skin®

10 refer to Appendix D for more detail.

2.2.3 Windkessel models and functional arterial parameters: stiffness and resistance

In cardiovascular events arterial pressure plays an important role. Arterial parameters like
stiffness and resistance, and the pressure response are an important part in treatment of
hypertension. The variables which are most often related to cardiovascular events are pressure
systolic (Ps), pressure diastolic (Pd), and pulse pressure (PP). Also, there are other variables
obtained such as pressure augmentation and waveform analysis along with inflection and
shoulder points. The variables obtained can be in combination or alone in order to give event
prediction [26]. The forward (Pf) and backward (Pb) pressure can be separated by wave
separation. Both Pf and Pb, along with the reflection index and magnitude and the return time of
the reflected wave can be derived assuming the tube structure of the arterial system. The complete
description of the arterial system is given by input impedance. As input impedance is not easily
derived, impedance can instead be described by arterial stiffness together with aortic
characteristic impedance (Zc), arterial stiffness (ET), and systemic vascular resistance (SVR). In
[26] input impedance was calculated from aortic pressure and flow by using Fourier analysis.
The three parameters SVR, ET, and aortic Z. were derived by fitting the Windkessel impedance
to the input impedance data. Using measured flow in patients, the pressure was then calculated
from flow and the three arterial parameters to obtain predicted pressure. Predicted pressures were
compared with measured pressure. The results were all pressure-derived variables and gave
limited information on arterial function in terms of stiffness and resistance. Input impedance is
accurately described by three parameters: systemic vascular resistance, total arterial stiffness,
and aortic characteristic impedance [26]. The investigation shows relations between pressure-
derived variables and arterial stiffness in aging, and focus on how aortic pulse wave inflection
point, augmentation index, and reflection magnitude do not allow the estimation of functional

26



arterial parameters like stiffness and resistance. This is a significant point for the present research
[26] as the applied forced oscillations at inflection point impact on the descending aorta. As the
descending aorta will be our point of inflection to see the impact response at ascending aorta.
Brachial arteries in healthy and diseased cases have been simulated experimentally and pressure
and pressure gradient waves have been studied by considering an open loop hydraulic system
comprising of some of the major components:

(1) An elastic element (the Windkessel element) placed before and coupled to the elastic

tube,
(2) The elastic tube.

The results show that for a healthy heart, the pressure rise was more noticeable at higher
viscosities. However, the amplitude of the pressure wave decreased with increase in viscosity.
The pressure drop increased with increase in the viscosity, as the pressure gradient wave
possessed higher values. With the use of rigid segments, stiffening of this element dramatically

reduced the amplitude of the pressure wave compared to the elastic state (refer figure 2).
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Figure 2: Windkessel effect of elastic and rigid element: (a) Pressure (b) Amplitude [29]

Nichols et al. [43] considered the interaction between the heart as a pump and the arterial system
as its load, and pulsatile arterial wall stress along with the elasticity of the aortic tissue. We
conclude from this paper that the Windkessel effects on central arterial waves can occur with or
without a reduction in mean arterial pressure, peripheral vascular resistance and stiffness of
arterial wall [43]. To give better results, the elasticity of the phantom aorta material has been

taken into account for the present research.

The haemodynamic parameters for healthy humans, such as Windkessel element stiffness, wall

stiffness and viscosity, have significant effects on the waves, propagation of waves and the
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patterns of the waves, as demonstrated by experiment. In future this model can be used to

simulate blood flow in different conditions, in conjunction with a numerical model.

In considering the findings of the Anssari-Benam et al. [29] we conclude that there are few
interesting shortcomings:

(a) The results were obtained using a Newtonian fluid; whereas, the blood is a non-
Newtonian fluid. The blood has higher viscosity in smaller vessels which have lower flow
rates, i.e., capillaries and arterioles. Studies have been conducted which suggest to assume
the blood as a Newtonian fluid, which gives the results within the acceptable range of
accuracy for larger arteries [30]. Such assumptions have been considerably used both in
computational simulations and experimental analysis.

(b) There is a limitation in sampling time resolution (0.01 s) due to this the precise value of
the time shifts were not observed between the waves in rigid and elastic conditions.

(c) There was a difficulty in direct use of the Moens-Korteweg equation [31] for calculating
theoretically wave propagation times in this study. It is due to the fact that the tube wall
in study was 0.9 mm, which is not theoretically a thin-wall tube. Also, silicone rubber is
theoretically a compressible material with a Poisson ratio of v = 0.4. So, these two

characteristics violate the assumptions used in deriving the Moens-Korteweg equation.

Eh

=
\ 2pa; . . .. .. .
" where c is the wave speed, E is modulus of elasticity, ai is inner radius

and p is the density of fluid.

2.3 Cardiovascular System Biomechanics

The important question investigated in this literature survey is about how to address and validate
new algorithms to efficiently predict the hemodynamic in large arteries. All methodologies used
include Fluid Structure Interface (FSI) between the blood flow and the arterial wall. The blood
is modelled as a Newtonian fluid whereas the aortic wall is considered a linear elastic structure.
In consideration of Crossetto et al. [39], we conclude that there are issues with simulation that
does not take fluid—structure interaction into account [39]. In the present research fluid structure
interaction is modelled with Mathematica code for a simulated cardiovascular system with the

phantom aorta.

The geometry and material properties of the aorta are used to formulate Boundary Value
Problems (BVPs). The physiological implications of the biomechanical analysis is important in

the cardiovascular system. The homeostasis of the vessel wall has implications on growth,
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remodelling and postnatal development. The methodology used is Fung’s (1993) [44],
biomechanics approach on the aorta. The methodology serves as the foundation for choosing
the material properties and geometry of the major artery aorta. In consideration of Kassab [45],
we conclude that the constitutive equation for the vascular smooth muscle is critical. However,
a simplified mathematical simulation model has been made and tested as phantom aorta in this
research based on geometry and linear elastic material properties somewhat similar to that of

human aorta [45].

The effects on wave propagation, due to nonlinearity and viscosity in an elastic axisymmetric
vessel impacts on the fluid flow in the system. It is assumed that the fluid is flowing in a laminar
flow with further assumption as an incompressible and Newtonian fluid by use of power series
and Fourier series to solve the mathematical equation. Three types of models such as;

(a) Linear model (b) Nonlinear model and (c¢) Lighthill comparison have been used to develop
an algorithm in 2D. In consideration of Park et al. [40], our conclusion is the viscosity is-more
significant than wave propagation due to nonlinear and viscous effects. The present research

utilizes coloured water fluid [40] which has low viscosity.

2.4 Recent Work on Active Forces at AUT

The application of the vibrations affects the whole aorta. In [44] rat aortic muscles were used to
observe the application of sinusoidal or smooth vibrations along with the use of KCI-Potassium
Chloride chemical stimulus. The research output was that there is a continuous reduction of

active forces which leads to relaxation of aortic tissue [44].

The above study gives a good idea about application of vibrations. This provides more impetus
for the present research work, to study the effects of forced oscillation on the simulated human
aorta with validation through phantom aorta. The present research work is based on the forced
oscillation being applied at the descending point in the phantom aorta of human being and

observing the output effects both at descending and ascending aorta.

The core concept for the development of a model based on fluid flow in pipe with constant
diameter. However, very few arterial models incorporate external forces. In consideration of
Chaudhry (1987), [49], Elansary et al. [50] and Reddy et al. [51], we conclude that our present
mathematical equation has been derived with an applied force component which is vital for the

present research.
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2.5 Objectives

The main objectives of this work is to study the effect of induced/forced oscillations on a
simulated normal human aorta that is a phantom aorta. A forced oscillation will be applied at the
descending phantom aorta, the response of the pressure and flow due to the pulsating nature of

the blood at both descending and ascending aorta will be studied.

2.5 Thesis Structure

Theory and Simulation Experimental Testing ag:;%’;;‘;?;gﬁgﬁ}lﬁgg:g

Methodology Methodology Methodology
Results | Final Comments

Figure 2.1: Thesis structure

The thesis structure shown above covers the research activities. It starts with a brief introduction,
literature review and then it follows the flow as shown in figure 2.1. The first part of the thesis
is the theory and simulation, the second part is experimental testing. The theory and simulation
will give the foundation of the research. The methodology starts with the derivation of the
mathematical equations considering pipe flow and subsequently develops the simulation models
using the Wolfram Mathematica®10 (Wolfram Research of Champaign, Illinois, USA) [57]. In
experimental testing, the methodology starts with the experimental testing done on the
cardiovascular simulation set up with phantom aorta. The results obtained from both theory and
simulation and the experimental testing will be discussed in the discussion chapter in detail and

last chapter presents conclusion with future scope from this research.
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Chapter 3: Theory and Simulation

3.1 Introduction

This chapter describes the formulation of a theoretical model that describes the system of
phantom aorta in which is induced forced oscillations. The mathematical model will be used as
the foundation of a simulation for this research. The results obtained by simulation will be
compared with results from an experimental set up with varying diameters, areas, lengths and
also different amplitudes and frequencies of the forced periodic oscillation.

The model is based on fluid flowing in a pipe, analogous to the human aorta, which has blood as

fluid flowing through it. Flow is assumed to be periodic.

3.2 Mathematical Model

The partial differential equations describing the conservation of mass and momentum for one-
dimensional, transient flow through a pipe with slightly deformable walls as shown in figure

3.1 are given below (Chaudhry 1987):

Angle of inclination of pipe

—

Fluid Discharge (Q) o

Pressure Head (H)

X=Distance along pipe

Figure 3.1: Transient flow through a pipe

H is the pressure head, Q is the discharge, g the acceleration due to gravity, 0 is the angle of
inclination of pipe, f is the friction coefficient, D is the internal pipe diameter, A is the cross-
sectional pipe area, c is the pressure wave velocity, x is the distance along pipeline, and t is the

time.

31



0H | c?20Q _
at gAax_

(1)

2+ gAl+ agsing+ A% = ¢ )

The above equations have been modified further to get the requisite equations.
From Conservation of mass:

We get the following equations (Reddy et al, 2010);

aA(t) ov[x,t]

20— A 3)
Using (3) we get,
—kZE (x,£) = A(t) 2 )

From Conservation of Momentum, we get the following equation (Reddy et al, 2010);

fexternat _ Op __0v[xt]
A@® 6= p=5; (5)

The final equations relate external force application to pressure and flow with diameter and area.

Equations (2) and (5) will give the following equation.

fexternal_Ag sin9 _ D ‘;_Zt’(x’t) —

ov|[x,t]
A(t) D ox

(6)
Where

Ak A
A®=A k="

= h—i [31], ~= height of Aorta, E= Young’s Modulus, p = Density of blood,

D = diameter

The set of equations consisting of (5) and (6) needs to be numerically solved by a mathematical
tool or software like Mathematica [57]. This is presented in the simulation section 3.3 in the

present chapter

Inference

Equations 5 and 6 can be used to describe the travelling pressure and flow waves from descending
aorta to ascending aorta in response to applied forced oscillations f,yterna; at the descending
aorta point and this is the core area of this research. The mathematical equation simulation model

will give the output response to the different forced oscillations applied with variable frequencies
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and magnitude which will be compared with phantom aorta in the experimental set up in chapter

4.

3.3 Methodology - Simulation Model

This section will discuss in detail the methodology used to simulate the mathematical model
developed above. The simulation was performed using Mathematica®10 [57]. Simulations of
various models under different scenarios were performed.

Equations 5 and 6 given in section 3.2 describe the output response of the pressure and flow to
the applied forced oscillations. For this reason, the simulation will be carried out using a
lengthwise segmentation of the aorta. The descending aorta is assumed to be the point of
application of the forced oscillations in order see the effect at the ascending aorta. Also,
segmentation describes the diameter changes, which increases towards the ascending aortic arch.
Each segment is simulated separately and the output of the first segment becomes the input of
the next segment, which allows simulation of waves from the external and cardiac oscillations
travelling throughout the descending and ascending aorta. The response at ascending aorta is a
reflection of the summative effects of each segment. Geometric parameters like diameter and the
length of the aorta were taken from the medical literature and experimental setup geometry from
other research groups [28].

Simulations were performed using different conditions of pressure and/or velocity boundary
conditions at the descending aorta, and external forced oscillation with different frequencies, and
amplitude. For each case the output was observed. Mathematica code for the simulations are

given in Appendix A.
3.3.1 Model Geometry

The geometry adopted for the model is given in the table 3.1 and below.
Table 3.1: Initial test simulation model geometry of phantom aorta [56]

Aorta Geometry Size (mm)
Wall thickness (H) 1
Diameter (D1) 25
Diameter (D2) 20
Length (L) 750

33



e —
M““""‘:“-...h__ L
1 ¢ -

| D1 e n D2

Fig 3.2: Phantom Aorta [56]
For simulation purposes, tapering between D1 and D2 was considered to be variable diameter
and 10 divided segments were used to describe the full length of the aorta. Segment diameters

were interpolated, but each segment itself was considered to be a ring.

3.3.2 Different Simulation Scenarios

Table 3.2 below, shows a comparisons of all the simulated scenarios and their applied signals.

Table 3.2: Comparisons of all the scenarios with their applied signals.

Model -Scenarios Boundary Conditions Applied Oscillations
Pressure Velocity
Initial Test Model Yes Yes No external applied oscillations
Scenario 1 Yes Yes Sine wave
Scenario 2 Yes Yes Impulse
Scenario 3 Yes Yes Forced oscillations with different
frequencies and amplitude
Interpolation Yes Yes Curve fit of pressure waveform
Beat signal Yes Yes Another pressure waveform
Scenario 1

The first scenario was used to check the effect of forced oscillation of sine wave input at the
descending aorta with variable frequencies and amplitudes.

Scenario 2

In scenario 2, the impulse signal was applied to test and to check the output response of both
descending and aorta pressure and flow.

Scenario 3

The scenario 3 is the final refined model using a physiologically realistic pressure with
interpolation and beat. The details of the Beat code are given in the appendix A. The signal was
constructed from a sampled signal recorded from the signal shown in figure 3.9. This made the

research output more meaningful. In order to be used in the simulation, an interpolation function
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was constructed (refer figure 3.8), the detailed Mathematica code of the interpolation used in this

research is provided in the Appendix A.

3.4 Results

For Model 1 refer figure 3.3 below.

i Pressure (mmHg)
0.012 0.5
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along aorta
(m 0.015 ' Time (s)
0.016 !'@
Figure 3.3: Model 1 Sinewave - Pressure
Flow (L/min)
0.012
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along aorta

(m)

Time (s)

0.016 g

Figure 3.4: Model 1 Sinewave - Flow
The figures 3.3 and 3.4 are the result of the first simulation which shows the wave shape which
is a travelling wave similar to sinusoidal wave. The tapered segments have been considered for
the simulation. The results show in the simulation when sine is applied to the model it gives out

sine wave of both pressure and flow.
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Figure 3.5: Impulse signal

The figure 3.5 shows an impulse signal response. The impulse output response gives the expected
result with the application of the impulse signal. This result gives the confidence in the simulation
model responding well to the applied signal, the change in applied input signal in the simulation
was responded well by showing changes in the response of the output signal, hence verifying the
mathematical model is working in the different simulated scenarios.

In scenario 3 the final model has two output signals (figure 3.6 and 3.7) along with interpolation
and beat signal in figure 3.8 and 3.9. The interpolation is used to fit the signal whereas the beat

represents one heart cycle which has all the information and can be repetitive.
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Figure 3.6: Model without beat
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Figure 3.7: Final Model with beat and interpolation
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Figure 3.9: Beat signal
The results obtained from the simulation are firstly, to check whether the mathematical equations
mentioned in the section 3.2 is responding to the simulated applied forced oscillation signal. It
showed significantly the effects of the applied forced oscillations with different frequencies and
magnitude; this gave confidence in moving further to the experimental stage. The simulation
results for each applied input signal showed the mathematical model gave the expected results.

The next stage is the experimentation stage to validate the simulation results.
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Chapter 4: Experimental Analysis

4.1 Introduction

An experimental analysis was performed to compare with the simulated mathematical model for
the effect of forced oscillation on the cardiovascular simulated system with phantom aorta for
validation. The experimental set up for this research was based on an arterial phantom test rig
developed for other research experiments. The details are given in the 4.3.5 section for the initial
experimental set up and then a subsequent modified set up that has been used for the remaining

experimental set up for this research.

4.2 Aim

The main aim of the experimental analysis is to observe the effects of different frequencies and
the amplitude of the applied forced oscillation on phantom aorta. This allows comparison of the
experimental results of pressure and flow in the phantom aorta with the simulated model

developed in the previous chapter.

4.3 Methodology
An experimental phantom model has been used as the basis of the experimental analysis.

4.3.1 The Phantom Aorta

The importance of the phantom model is to simulate the experimental related studies of medical
treatment under well-defined parameters [53]. Phantom aortas are developed in order to simulate
both biophysical properties and blood vessel structures, which are similar to the real human heart aorta or
structures or organs. Silicone blood vessel phantoms are widely used in research studies. An
example of rapid prototyping of aorta models based on silicones for validating simulation is [53],
according to Savrasov’s et al, to improve the pressure and flow waveform at the point giving
waveforms which better represent physiological characteristics. There was a suggestion of
tapering the aortic diameter. This was the variance of pressure and flow waves along the aorta
which were observed when the operation of the cardiovascular simulation was carried out [54].

The phantom aorta used in this research was based on Johnson’s work [55]. It was constructed

using Dragon skin® 10 in Appendix D.
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4.3.2 Aortic Geometries

From Johnson’s work the aortic geometries for the ascending aorta is to be approximately,
25 mm and the descending aorta is about @20 mm [55]. The length is around 700 mm and
thickness is 1 mm. The simple geometry (see Figure 4.1 and Table 4.1) is similar to the present

research and Savrasov et al [54].
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Figure 4.1: Johnson’s phantom aorta shape [56-58]

Table 4.1: Dimensions of the aorta shown in Figure 4.1 [56-58]

Aorta Geometry Size (mm)
Wall thickness (H) 1
Diameter (D1) 25
Diameter (D2) 20
Length (L) 750

In this research, the length of the aorta has been modified to 500 mm as this more closely

matches physiological dimensions, as mentioned in the simulation section.

4.3.3 Materials

The phantom aorta has been made from the material called Dragon Skin® 10 [58]. It is a platinum cured
silicone rubber. It is used for the aorta with 1:1 ratio of Platinum curing agent and Dragon Skin®

10. This is the material used in the research.

4.3.4 Aorta Phantom Experimental Simulation Setup

Testing and validating the effects of forced oscillation on the normal human aorta, the
application of induced oscillations at the descending aorta, and to see the effects at both
descending and ascending portion of the aorta, was achieved by measuring the aortic pressure
and flow. The initial set up was prepared by another research group at IBTec by Jones [56] was

used as a starting point for this experimental set up and subsequently it was modified to get the
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required output for the discussion of this research. The modifications are shown in figure 4.13
The initial set up is shown in the figure 4.2 for the initial Cardiovascular Experimental

Simulation setup hardware that integrated the phantom aorta to complete the setup.

Figure 4.2: (A1): Reservoir 1. (A2) Reservoir 2. (B): Bellow system. (C): Valves. (D):
Phantom aorta 2. (E): Linear actuator. (F): Capillaries [56].

4.3.5 Design and Operation

The figure 4.2 shows the hardware part of the initial set up of cardiovascular system. The setup
was easy for mounting of hardware components. The SmartMotor (MOOG Animatics, United
States) linear actuator uses the programme code in Appendix B. Care has been taken to reduce
the force required to actuate the linear drive motion of the experimental set up by using bellows.
Bellows have negligible frictional force when in operation. The type of bellows selected is a

suction cup which has six-folded bellows by piGrip® [56].

Figure 4.3: (A): piGrip® bellows uncompressed. (B): piGrip® bellows compressed [56]
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The piGrip® bellows is fitted inside a 3D printed frame along with bush and coupling shown in

the figures 4.4 and 4.5.

Figure 4.4: (A): 3D printed bush. (B): 3D printed frame for the piGrip® bellows [56].

The piGrip® bellows was connected to the mainframe by a bush. The main function of the
mainframe is to hold piGrip® bellows components to the main base of the experimental setup

refer figure 4.5 below

Figure 4.5: The piGrip bellows along with couling and bush [56]

Two 1.5 L liquid containers served as reservoirs. The reservoirs provide the liquid flow through
the cardiovascular simulation setup and phantom aorta. The reservoirs are flexible, providing
both up and down movement to change the calibration pressures of the liquid (refer figure 4.6).

All the hose connections to and from the reservoirs were 12 mm in diameter.
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Figure 4.6: The reservoirs of 12 mm diameter hose connections.

The figure 4.7 shows two one-way brass check valves (A) attached to the entry and exit of the
bellows system to maintain the flow of liquid. The other components were, prosthetic aortic
valve (D). shown in Figure 4.7, to control the liquid flow in the aorta from the heart connected

into PVC pipe connections shown Figure 4.6.

-

Figure 4.7: (A).: Brass check valve. (B): PVC piping. (C): Bellows system. (D): Aortic valve
[56].
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Figure 4.8: Prosthetic aortic valve (CardiaMed Rotating Heart Valve) supplied by OBEX®

The simulation of the capillaries were made by the artificial capillary bed. The main objectives
of the artificial capillary was to increase the pressure inside the phantom aorta and to restrict
the flow of water. This was done by inserting a cylindrical shaped sponge at the end of the
phantom aorta, with diameters of @30 mm x 20 mm with 12 mm push fittings through PVC
pipe (figure 4.9).

Figure 4.9: Artificial capillary system. (A): 12 mm push fitting. (B): PVC pipe. (C):
Cylindrical sponge [56]
The pump mechanism was controlled using a camming profile that was loaded on the
SmartMotor™., The main function of linear actuation is to make the SmartMotor run
smoothly for pumping the fluid into the cardiovascular simulation setup.
As shown in figure 4.10. The profile was designed to mimic the output flow of the left
ventricle at a cycle rate of 60 bpm that compresses the piGrip® bellows by 34 mm.
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Figure 4.10: Camming profile was uploaded to the SmartMotor”™ (MOOG
Animatics, United States).

The camming profile’s linear position set up is done through the SmartMotor™ program code
given in the appendix B

When the setup of all hardware components was established, along with the software
instructions loaded properly, testing began to check the reliability and proper functioning of
the Initial Cardiovascular Experimental Simulation Setup. The testing included the

measurement of pressure and flow at different points in the phantom aorta.

4.4 Modifications to introduce mechanical displacements

The cardiovascular experimental simulation setup was modified in order to introduce
mechanical displacements at the descending aorta.

The following changes in the setup were made. The modified equipment is shown in figures
4.11a and b. From figure 4.11a, the phantom aorta was used for this research. The Transonic
Flow meter is to measure the blood flow. An Amplifier is used to amplify the signal generated
from the output response in both descending and aorta. The SmartMotor ™ is used to pump the
blood into the system. The figure 4.11b is the modified diagram, it includes an LDS® V406
shaker (figure 4.12 below) which is very dependable and versatile. The LDS® V406 shaker
features a usable frequency range from 5 to 9000 Hz. This was used along with an LDS® PA
100E power amplifier to induce the oscillation through vibration from the shaker. The modified
schematic diagram of cardiovascular simulation system along with the phantom aorta is shown
in figure 4.11b. The detailed technical specifications of the LDS® V406 shaker is given in
appendix C.
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Figure 4.11(a): Initial Modified experimental setup: (A) Phantom Aorta. (B)

Transonic Flow meter. (C) Amplifier. (D) SmartMotor™
O e

Figure 4.12: LDS® V406 shakers
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Figure 4.13 below shows the detailed schematic modified diagram for the present research for
the forced oscillations needed for the measurement of pressure and flow of blood in the

phantom aorta

Software control and Transonic system for Amplifier
CPU monitor Flow measurement

Artificial Heart system with phantom aorta

(Pressure and flow measurement sensor)

LDS® V406 shaker with PA Function generator
100E power amplifier (Input voltage to Heart system)

Figure 4.13: Initial modified schematic block diagram of cardiovascular simulation setup

Legend
Interactions of Software controlled and CPU monitor

Green Interaction transonic system with Artificial Heart system and Software controlled
and CPU monitor

Yellow Amplifier together with transonic system and Artificial Heart system
Blue  Amplifier with Heart system and then with transonic system

Red Function generator (Input voltage to Heart system) along with LDS® V406 shaker and
100E Power amplifier

The modified set up used for measuring the pressure and flow with forced oscillations is a key

area of this research. The operation of the above system is described below:

Referring to figures 4.11a & b, 4.12 and 4.13, the Artificial Heart System with phantom aorta
is operated by SmartMotor™-which is programmed controlled motor operates in a way to
simulate the heart pulse rate. The interaction between the Artificial Heart System, which is
software controlled, and CPU monitor is shown in colour. The cardiovascular
simulation platform gives pressure and flow waveform by using Transonic flow and PowerLab
(ADInstruments, USA) measurement devices which uses a Millar MicroTip cathether for
pressure measurement. The signal interaction is shown with green, yellow and blue colours to

indicate interaction with the Artificial Heart system and PC. The waveform is collected in
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LabChart (this will be discussed in results in detail). The entire system input is operated through
external forced oscillation (LDS® V406 shakers, LDS® PA 100E power amplifier and function
generator) and shown in red colour. The measurement was subject to a low pass filter up to 50

Hz.

Table 4.2: Measurement equipment used for cardiovascular simulation set up

Parameters Measurement Equipment Company

Forced Oscillations | LDS®V406 shakers, Bruel and Kjaer and Tektronix
LDS® PA100E,
Function Generator AFG3102C

Pressure MikroTip® cathether, Millar and MOOG Animatics
SmartMotor™

Flow Perivascular Flow Module Transonic

Force Displacement | Force Displacement Transducer

The table 4.2 gives the information about the equipment used for the measurement of the
pressure, flow and induced forced oscillations in the cardiovascular simulation set up. The

detailed technical specifications of each piece of equipment is attached in appendix C

The first measurements were taken with no forced oscillations and secondly, with forced
oscillations. Both with no forced and with forced oscillations have been noted and then
analysed with the simulated mathematical model. However, there were two setups used: firstly,
without submerging the aorta and secondly with submerged aorta. The results of non-
submerged aorta exhibited issues due to the experimental setup. The incorrect transmission of
the forced oscillation signal into the phantom aorta from the descending part of the aorta,
resulted in loss of transmission of the forced oscillations to the ascending aorta. Therefore, the
aorta submerged into fluid will give a condition more like in the human body and give a more
accurate measurement of pressure and flow as the flow sensors respond well when the aorta is

submerged carrying the fluid.

The second set up of the experiment was carried out with the aorta submerged similar to the
human body fluid as per the original conditions of the human system therefore, a further
modification has been introduced. A further modification was done by introducing a force
displacement transducer between the LDS® V406 shaker and the artificial capillary with the
phantom aorta submerged in the fluid (refer figure 4.14 below).
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Figure 4.14: Aorta submerged in the fluid

This was needed in order to align the research activities along with the simulated mathematical
model. The main function of the force displacement transducer is to transmit the requisite
forced oscillations into the phantom aorta from the descending aorta. The observation of the
response at the ascending aorta, with the help of the software was used to analyse the output
response of the system. It has also been observed that the initial length of the phantom aorta of
750 mm was too long and hence there was another reason for inadequacy in the correct
measurement of the pressure and flow at both descending and ascending aorta points in the
experimental setup (refer to figure 4.16). At a length of 750 mm, the transmission of the forced
oscillation from descending aorta to ascending aorta is not effective. Due to this, the length of

the aorta has been reduced to 500 mm.

The reduction in the length of the aorta had a significant impact on the experimental output
response which is discussed in the results section (refer to figure 4.16 and 3.25). Please refer
figure 4.15 below to see a force displacement transducer in between the phantom aorta and

LDS® V406 shaker.
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Figure 4.15: (4) Force displacement Transducer. (B) Clamp holding

The introduction of force displacement transducer makes the transmission of the forced
oscillations at the descending aorta to ascending aorta effectively close to the simulated

mathematical model. All the relevant information is discussed in the results section.

4.4 Results

The results obtained from first the experiment is very significant to this research as it gives
very valuable information needed to complete the present research. The first setup results

obtained are given in the following figures (figures 4.16 to 4.28).

The results, due to the effect of forced oscillations, are the main basis to get the entire research
into the main stream of the title. Figure 3.16 shows LabChart for normal output without any
input forced oscillation at the descending aorta and hence no effect on the ascending aorta
output. The Blue colour represents descending aorta whereas Red colour represents the

ascending aorta.
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Figure 4.16: LabChart Normal (without any forced oscillations)

The result shown in figure 4.17 LabChart is from the forced oscillation input directly from the

function generator.

-t MO e e
(]

Figure 4.17: LabChart for Sinewave of 10Hz and 1Vpp amplitude forced oscillation direct
from function generator

It can be seen that there is a significant change in output response due to the application of the
Sinewave of 10 Hz and 1Vpp amplitude forced oscillation direct from function generator, but
the measurement was not correct. The forced oscillations were ineffective to transfer the input

from descending aorta to the ascending aorta. The output at ascending aorta was very weak.
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Figure 4.18: Channel A, measurement Spectrum of Ascending Aorta (AO) at SHz and 1Vpp.

The first measurement of data gives the response to the force applied at SHz frequency 1Vpp

(mmHg)
Hz

2
amplitude which was measured as signal power in in the spectrum for channel A for

ascending aorta pressure.
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Figure 4.19: Channel A and B, Spectrum of Ascending Aorta (AO) Descending Aorta (DA) at
5 Hz and 1Vpp

The measurement shown in figure 4.19 is with the application of forced oscillations at the
aorta with 5 Hz and 1 Vpp. The spectra shows both ascending aorta AO and descending aorta

DA, from channel A and B of the pressure waves.
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Figure 4.20: Comparison of Spectra at Channel A for Pressure wave
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Figure 4.20 shows a comparison of applied forced oscillations of all applied frequencies’

spectra at channel A for pressure waves at lower frequencies in Hz plotted against signal power

spectral i o)
Hz

2
. Applied forced oscillations give a sharp rise in the signal power at lower

frequencies from 5 Hz, 1 Vpp and 5 Hz till 20 Hz, 1 Vpp, and 20 Hz, 2 Vpp in the spectra.

Figure 4.21 below gives the comparisons of all applied frequencies’ spectra at channel B for

the pressure wave. There are few sharp changes in the power signal spectra.
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Figure 4.21: Comparison of Spectra at Channel B for Pressure wave
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Figure 4.
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The flow measurement was carried out using the flow sensors and the phantom aorta

submerged in water. Pressure in mmHg against time in seconds is shown in the above figure

4.22, whereas the comparison of flow spectra at channel A for ascending aorta is shown in

figure 4.23 below, measured frequencies are in Hz versus the signal power in
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Figure 4.24: Comparison Flow Measurement Channel B

Figure 4.24 shows the comparison of flow measurement of the descending aorta at lower
frequencies from 5 Hz to 20 Hz with the magnitude of 1Vpp and 2 Vpp. The higher frequencies
from 25 Hz to 49 Hz with the magnitude of 1Vpp and 2Vpp is taken into consideration. Observe

the changes in the spectra shown in the figure 4.25 below.
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Figure 4.25: Higher Frequencies Pressure Measurement Channel A
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The comparison of channel A and B spectra for both ascending and descending pressure aorta,

and the normal spectra, without any frequencies applied, is shown in the figure below 4.26.
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Figure 4.26: Comparison of Channel A and B for Ascending aorta (AO) and Descending Aorta
(DA) Pressures

The higher frequencies pressure measurement comparison of channel A for the Ascending

aorta is shown in the figure 4.27 below.
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Figure 4.27: Comparison of Pressure Spectra at Channel A
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Figure 4.28: Comparison of Pressure Spectra at Channel B

The results in the initial experimental setup were not giving the output response correctly due
to the main factor of the transmission of the oscillation in the descending aorta point at the
artificial capillary system (refer figure 3.11(b)). The descending aorta point, where forced
oscillations were applied, could not hold it properly. The transmission of forced oscillation,
which was directly given from the LDS®V406 shakers combined with function generator, was

not able penetrate properly into the aorta. This has significant impact on the output results.

The modified set up had 500 mm of length of aorta, which was submerged in fluid, along with
forced displacement transducer with holding clamp at the artificial capillary system for
transferring the forced oscillations signal with correct intensity. The results obtained from this
set up gives a closer output to the simulation model with correct transmission of forced
oscillation from descending aorta to ascending aorta for pressure and flow. The effect is noted

in table 3 and 4.

4.5 Results from the final cardiovascular simulation setup

The initial modified schematic block diagram of cardiovascular simulation setup in figure 4.13
with submerged aorta in figure 4.14 and the force displacement transducer in figure 4.15, gives
the new measurement readings (refer to Table 4.3). It also gives detailed information of the

output which is measured from the changed experimental setup and gives a clearer spectrum
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output from the system. Table 4.3 gives the readings of pressure at descending and ascending
aorta, whereas table 4.4 gives the reading of descending and ascending aorta flow
measurements. The LabCharts and spectrum are discussed in the discussion section of this
chapter.

Table 4.3: Pressure Descending (DA) and Ascending Aorta (AO)

Input Output Ref Power Gain Output | Ref Power Gain
Frequencies Pressure | (mm Hg)? | (mm Hg)? | Pressure | (mm Hg)?| (mmHg)?
(Hz) DA AO T Hz
& Amplitude mmHg Hz Hz mmHg Hz

(Vpp)
Normal

5&1 20 18 0.46 22 18 0.86
5&2 22 18 0.86 25 18 1.43
10 & 1 32 10 5.05 22 10 3.42
10 & 2 38 10 5.8 28 10 4.47
15&1 28 1.2 13.68 22 1.2 12.63
15&2 36 1.2 14.76 27 1.2 13.52
20& 1 30 0.5 17.78 22 0.5 16.43
20 &2 30 0.5 17.78 20 0.5 16.02
25& 1 30 0.3 20.00 11 0.3 15.64
25&2 31 0.3 20.14 14 0.3 16.69
30& 1 33 0.25 21.21 10 0.25 16.02
30 & 2 34 0.25 21.33 12 0.25 16.81
35& 1 30 0.2 21.75 12 0.2 17.78
35&2 31 0.2 21.90 14 0.2 18.45
40 & 1 22 0.15 21.65 8 0.15 17.27
40 & 2 22 0.15 21.69 10 0.15 18.21
45 & 1 20 0.15 20.00 5 0.15 15.23
45 & 2 21 0.15 21.46 6 0.15 16.02
49 & 1 20 0.15 21.24 4 0.15 14.25
49 & 2 18 0.15 21.46 4.5 0.15 14.77

Table 4.4: Flow Descending (DA) and Ascending Aorta (A0)

Input Output Ref Gain Output Ref Power Gain
Frequencies Flow Power (L/min)? Flow (L/min)? (L/min)?
(Hz) (L/min)? | (L/min)® Hz AO Hz Hz
& Amplitude Tz Hz (L/min)?
(Vpp) Hz
Normal
5&1 122 120 0.071 123 120 0.10
5&2 121 120 0.036 122 120 0.071
10 & 1 132 110 0.79 122 110 0.45
10&2 135 110 0.89 132 110 0.79
15&1 126 102 0.92 120 102 0.70
15&2 132 102 1.12 122 102 0.78
20& 1 121 100 0.83 122 100 0.86
20 & 2 124 100 0.93 123 100 0.90
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The comparison of pressure gain spectra with different voltage and frequencies and at
different locations is given in the figures 4.29, 4.30 and 4.31 given below to complement
table 4.3
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Figure 4.29: Comparison of pressure gain spectra at different voltages
AO at 1 Vpp
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Figure 4.30: Comparison of pressure gain spectra at different frequencies
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Figure 4.32: New Experimental Setup Normal Spectrum of Pressure- Descending

Aorta (Phantom) without forced oscillation

Figure 4.32 shows the spectrum output of the pressure of the phantom for descending
and ascending aorta without any forced oscillation. This first normal spectrum used to
start the spectrum analysis is the reference point for the subsequent applied frequencies
of 5SHz, 10Hz, 15Hz, 20Hz, 25Hz, 30Hz, 35Hz, 40Hz, 45Hz and 49Hz with each
frequency along with 1Vpp and 2Vpp amplitude application from the function
generator of the sinewave as forced oscillation. Table 4.3 is the spectrum output of
signal based on the frequencies and voltages mentioned above to obtain the output
signal for this research. The Table 4.3 is the spectrum for both pressure values of

descending and ascending aorta.
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On a similar note to the pressure gain mentioned above, the flow gain is shown in
figures 4.32, 4.33 and 4.34 at different voltages, frequencies and locations to

complement the table 4.4 for flow.
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Figure 4.33: Comparison of flow gain spectra at different voltages

AO at 1 Vpp
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Figure 4.34: Comparison of flow gain spectra at different frequencies
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Figure 4.35: Comparison of flow gain spectra at different locations

The forced oscillations applied at various frequencies to the phantom aorta were then validated
by applying in the simulation to verify the application responses. Table 4.3 shows the main
output results to validate both the simulated and the experimental results. It begins with the
application of the sine wave of SHz frequency and 1 Vpp and then 2 Vpp at very low frequency.
There was little change in the power signal gain output whereas as the frequency increased
there is significant change in the output response especially at the frequencies of 30 Hz and 35

Hz which is also very important for smooth airwave tissues [16-18].

Details about the output spectrum of the ascending aorta from the experimental set up applied
to the simulated model both gave approximately the correct output. This has validated both the
simulated and the experimental set up. It worked effectively to give the output response of
pressure and flow to the changes in the application of the forced oscillations applied at different

frequencies and at different magnitude.
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Chapter 5: Discussion on the Analysis
of the Simulation and Experimentation
results

5.1 Introduction

This chapter is devoted to the detailed discussions on both analysis of simulation results and
the experimental results with comparison. It starts with the results from the simulation output
and then subsequently goes into the experimental output results, keeping in mind the research

objectives.

5.2 Discussion of Simulation and Experimental results
The Salient features of both Simulation and experimental Results

It was expected that the first prototype simulated model should respond to the applied signal,
but it did not happen.

Similar things happened with the experimental analysis as it did not respond the way it was

expected with many issues encountered on the journey to get desired output.

The simulated models were required to respond to the various types of signals like exponential,
impulse etc. The later simulated models were more refined with the use of the correct curve
fitting interpolation and a representative heart beat to give a final corrected simulated model.

This played a very important role to get final output from the simulation model of this research.

On the other hand, the initial experimental set up did not give the response expected. It was
mainly due to the incorrect holding of the artificial capillary system at the point of the applied
forced oscillation signal to descending aorta. The previous research group’s experimental
development of the phantom model mechanism was developed according to their requirements.
It was immediately noted that a workable solution was needed to fix up the gap with changing
the length of the aorta, introduction of force displacement transducer and correct clamp holder

for artificial capillary system for this research work.
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The new modified experimental setup, in the previous chapter, provides the output which is the
backbone of this research. In the new modified experimental set up, to get the proper
transmission of the applied forced oscillation, a force transducer was introduced in between the
LDS shaker and capillary holder at the Descending Aorta. This set up has changed the output
response signal significantly (refer below the spectra of the experimental analysis of various
applied frequencies to the Descending Aorta and corresponding response at the Ascending

Aorta) which is the main objective of this research.

Firstly, let us discuss the descending aorta spectrum, as this is the point where we have applied
our forced oscillation signal to see the response both at descending aorta in LabChart as well
as in the simulated model where it was applied from the output response collected from the

experimental set up.

Table 5.1: Descending Aorta Pressure output from 25 Hz to 35 Hz under different amplitudes

Input Output Ref Power Gain
Frequencies (Hz) Pressure DA (mm Hg)? (mm Hg)?
& Amplitude (Vpp) mmHg T Hz T Hz
25& 1 30 0.3 20.00
25&2 31 0.3 20.14
30& 1 33 0.25 21.21
30&2 34 0.25 21.33
35&1 30 0.2 21.75
35&2 31 0.2 21.90

As it is evident from table 4, there is a significant change in the output response of the
descending aorta output pressure. The amplitude plays a very important role along with the
frequency. The relative gain is always increasing at higher value of amplitude with the same
frequency. As the frequencies increases from 40 Hz to 49 Hz the response started reducing and
did not show any changes, irrespective of the amplitude increment in the oscillations. Also,
during the experimental testing, it has been observed that the magnitude higher than the 2 Vpp
oscillates drastically which makes the entire experimental set up shake and become too unstable
to take further measurement. This is one of the limitations for this research. Also, the Power
amplifier gain for the LDS shaker is to be kept below half, as this also has an effect on the
oscillation intensity due to the shaking of the shaker at very high speed. As the descending
aorta is the point of application of the forced oscillation, due to decrease in the diameter, the

response was very fast, whereas the response of the ascending aorta, due to forced oscillations
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applied at the descending aorta, is slightly different. This will be shown subsequently with the

discussion about the output response of the ascending aorta.

It is evident from the results section of the previous chapter, from figures 4.18 to 4.36, that the
spectrum output responses show the changes observed from the applications of various
frequencies and the corresponding amplitude. This information about the responses from the
new experimental set up was validated by the simulated model. However, there are significant

differences in the output response of the ascending aorta blood pressure compared to the

descending aorta blood pressure (refer table 5.2 in the next paragraph).

Table 5.2: Comparison of DA and AO Pressure output from 25 Hz to 35 Hz

Input Output Ref Power Gain Output Ref Power Gain
Frequencies | Pressure | (mm Hg)? | (mm Hg)? Flow (mm Hg)? | (mm Hg)?
(Hz) DA Hz Hz AO Hz Hz
& (mm Hg)? (mm Hg)?
Amplitade | — 5 — .
(Vpp) Hz Hz
25&1 30 0.3 20.00 10 0.3 15.22
25&2 31 0.3 20.14 10.5 0.3 15.44
30 & 1 33 0.25 21.21 10 0.25 16.02
30&2 34 0.25 21.33 12 0.25 16.81
35&1 30 0.2 21.75 12 0.2 17.78
35&2 31 0.2 21.90 14 0.2 18.45

Table 5.2 shows the comparison between both the spectrum response of the descending and
ascending aorta under the influence of forced oscillations from frequencies from 25 Hz to 35
Hz with 1 Vpp and 2 Vpp. These frequencies give significant changes in the output responses
to the blood pressure of both descending and ascending phantom aorta of the human in the

modified experimental set up.

The comparisons gives us very interesting point about the output responses of the phantom
aorta of the human. There is a significant change in both descending and ascending aorta and
they do differ in their output power magnitude and relative gain. The absolute pressure of the
ascending aorta (AO) is lower (see table 5.2) than for the descending aorta (DA). The pressure
gain is smaller for the lower frequency of 5 Hz as compared to higher frequencies according to
“aortic pressure” in channel A, this is mainly due to signal strength transmission at low

frequencies.

The reason is that the oscillations at higher frequencies and amplitudes above 2 Vpp create

instability in the experimental set up; also self-vibration of aorta may reduce the magnitude of
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pressure and flow. The flow or discharge rate (Q) at low frequencies in both channels A and B
has a roll-off magnitude of power steeper than for pressure. This is due to the response of the
flow sensors sensitivity. Also, interestingly, in channel B the peaks do not rise far above the
noise floor this is because of the application of forced oscillations is at descending aorta, which
has low noise from the force displacement transducer. The peaks of pressure in channel B at
higher frequencies is much clearer than the peaks of pressure in channel A at higher frequencies

and this is due to transmission losses from descending aorta to ascending aorta.

The difference between 1 Vpp and 2 Vpp of applied amplitude is quite small but they are
consistent 2 >1, this is due to stable function generator and stable clamp holder for transmitting
the signal to descending aorta. The pressure attenuation is different than flow (Q) from
descending to ascending aorta, mainly due to different sensing devices for pressure and flow,
the surrounding conditions and transmission of signal. Although, according to simulation there
should be almost no attenuation, the simulation is software-based that has all the parameters
set in the coding with ideal conditions. The magnitudes are low for normal and oscillating AO
as compared to normal and oscillating DA, over all frequencies. This is because in the
experimental set up the DA is receiving forced oscillations first as compared to AO, hence the
difference is due to very small delay in the signal to reach AO and also some losses in the

transmission. Please refer to appendix F for all the spectrum output results for both pressure

and flow at AO and DA.

We can see from the table 5.1, that both the descending and ascending blood pressure output

(mmH

2
and relative gain in Tg) show significant increase in the frequencies of 30 Hz and 35 Hz

and in the 2 Vpp magnitude of the sinusoidal signal applied as forced oscillations from the
function generator. Both descending and ascending aorta measurement were taken at the same
time and the same has been recorded instantaneously through LabChart. Another important
aspect to be noticed was that the measurement shows that the descending aorta response is
much higher for the pressure output whereas the relative gain is reasonably higher than the
ascending aorta. Note the comparison in table 5.3 of the blood flow for descending and

ascending aorta.
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Table 5.3: Comparison of Descending and Ascending Aorta Flow measurement

Input Output Ref Gain Output Ref Power Gain
Frequencies Flow Power (L/min)? Flow (L/min)? (L/min)?
(Hz) DA | (L/min)? “Hy, AO T Hz
& Amplitude | (L/min)| — g, (L/min)?
(Vpp) Hz Hz
Normal
5&1 122 120 0.071 123 120 0.10
5&2 121 120 0.036 122 120 0.071
10&1 132 110 0.79 122 110 0.45
10 &2 135 110 0.89 132 110 0.79
15&1 126 102 0.92 120 102 0.70
15&2 132 102 1.12 122 102 0.78
20& 1 121 100 0.83 122 100 0.86
20 & 2 124 100 0.93 123 100 0.90

Referring to table 5.2 above, blood flow output response measured values at 10 Hz and
amplitude 2 Vpp gives the highest output flow in descending aorta and the same is true for the
ascending value, but with marginally less value for the relative gain in the ascending aorta. The
relative gain at 15 Hz and 2 Vpp gives the highest value for the descending aorta. Another
noteworthy observation is that unlike blood pressure values in both descending and ascending
aorta the blood flow shows very marginal differences in terms of blood flow and their
corresponding values of relative gain in the spectrum which means forced oscillations do not
have significant impact on blood flow. However, an important limitation observed for the flow
measurement for both descending and ascending aorta is that at higher frequencies from 25 Hz
onwards the submerged aorta (refer figure 4.17 in the previous chapter) does not show any
significant changes at both the amplitudes of applied forced oscillations. Hence the

experimental values were measured up to 20 Hz and 2 Vpp.
The factors which may be responsible for the changes would be the following;

(a) Distance of the point of application of the forced oscillation: the descending aorta is
very near to the point of forced oscillations. Due to this reason it has more impact on
the both pressure measurement and the relative gain of the output responses.

(b) Strength of the signal applied plays a very important role in the output response. For
the present measurement there was a restriction on the magnitude of applied forced
oscillations. As the magnitude of the amplitude of the signal increases more than 2 Vpp

the entire set up was vibrating and shaking which was disturbing the experimental set
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up. This is one of the important limitation encountered during the experimental
measurement of the forced oscillations to the phantom aorta of human.

(c) The transmission of the forced oscillations has to travel a certain distance from the
descending aorta to ascending aorta which results in reduction of the output response
for pressure output while flow has no impact, whereas the simulation does not show
any reduction.

(d) Another important factor is the diameter of the descending aorta. As the diameter
decreases towards the descending aorta, this results in higher contraction and relaxation
effects on the aortic wall and its tissues and also the pressure at the descending aorta is
slightly higher, whereas diameter at the ascending side is increasing and due to this
pressure decreases and has less effects on the contraction and relaxation on the aortic
wall and its tissues.

(e) The thickness of the aortic wall was constant. The slight variation in the thickness will
affect the measurement

(f) Only Dragon Skin® 10 material used for the construction of the phantom aorta. Other

materials may have significant impact on the measured values

5.3 Final comments

As seen from the above discussion on the simulation and the experimental analysis of the
response of the forced oscillation on the phantom aorta, both descending and ascending aorta
pressure and flow were measured and they were validated through the experimental analysis
with the simulated values. There were definitely many changes required in both simulation as
well as in the modified experimental set up. The output gave many important points which can

take this research to the next level which will be discussed in the final conclusion chapter.
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Chapter 6: Conclusion and future scope

6.1 Conclusion

The main objectives of this research work was to study the effect of induced/forced oscillations
to simulate the normal human aorta by using a phantom aorta model through the application of
forced oscillation at the descending aorta. Once achieved, an analysis was completed on the
response of the pressure and flow, due to pulsating nature of the blood at both descending and
ascending aorta, and its impact on the aortic tissue. The forced oscillations were applied at
various frequencies starting from 5 Hz to 49 Hz as this is the range used in previous work at
the IBTec for the respiration. Two amplitudes applied to the forced/induced oscillations from
the function generator along with pulsatile blood flow were examined and the results were
recorded. The results obtained were noteworthy and gave important observations which will
be very useful for the future works in this area. Specifically, a very distinct observation is that
significant change in the measured pressure in response to forced oscillations occurred for the
frequency range between 30 Hz and 35 Hz with maximum amplitude of 2 Vpp. The results
showed a significant increment in the pressure and also relative gain of the output in the power
spectrum. The inference can be drawn that at the point of application of forced oscillations at
the descending aorta the response shows significant increase in the measure value. However,
the ascending aorta shows reduced gains under the same conditions when measured
simultaneously. It is important to note that responses below 30 Hz (5 to 25 Hz) and above 35
Hz (40 Hz to 49 Hz) gave lesser pressure response, whereas flow, on the contrary, gave results
mostly in the lower frequencies (5 Hz to 20 Hz) of applied forced oscillations. This implies
that the applied forced oscillation responds well between 30 Hz to 35 Hz with maximum
amplitude up to 2 Vpp, while flow has very weak response between 5 Hz to 20 Hz only. The
application of higher frequencies to the fluid carrying submerged aorta did not respond (table
4.3 and 4.4 from chapter 4).

This research work is an extension in airway smooth muscle to a study of aortic tissue, and the
phenomena that induce oscillations in the aorta modelled as a fluid-conveying pipe with change
diameter. The simulated modelling were successfully achieved through the use of Mathematica

10 software.

There were a few limitations associated with the measurements during the simulation and

experimentation analysis for both pressure as well as flow in the phantom aorta:
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(a) The forced oscillation signal amplitude cannot be applied at more than 2 Vpp for the
pressure measurement, as this will induced uncontrollable oscillations which has the
strong tendency to disturb the entire experimental set up which makes it impossible
take the readings.

(b) The flow measurement does not respond at the higher frequencies.

(c) This research work was carried out using a phantom aorta and it is not real human aorta.

(d) Only Dragon Skin 10 was used and no other materials were used

6.2 Future Scope

There are many experimental refinement techniques needed to get closer to the human aorta
output response. There is a need for refinement to measure at higher amplitude for blood

pressure measurements and for higher frequencies in the flow measurement.

Due to the pulsating nature of the blood, the impact of the higher frequencies and amplitude of
the forced oscillation can be studied to give more detailed analysis on the effects of the pressure
and flow in the aorta. Further research in the aortic tissues response, during the application of
the forced oscillations is needed to develop greater understanding of the vibrations in the aorta
itself. The self-vibration or oscillations of the aorta can be studied in more detail in order to get

more information about the nature of aortic tissues.

The validation can be done on animal tissues and then on human tissues to compare and check
the contraction and relaxation phenomenon. Further future development is also desirable for
the creation of other materials to be manufactured that are closer to the original, in anticipation

of more accurate results.
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Appendix A: Simulation Coding of
Mathematica for mathematical model

PWV[r ,h ,Y ,p l:=Sqgrt[(Y h)/(p )]
Segmentpv [r , h, Y, p, ©, x, t,p,v, xStart , dx , pxStart ,
vxStart , fext ]:=Module[{A, k, ¢, pde, g=9.81, pvSolution},

c=PWVI[r,h,Y,pl;

PrintTemporary([c];

PrintTemporary([r];

PrintTemporary [fext];

A=m r?;

k=A/(p c?);

pde={- k D[plx,t],t]==A D[v[x,t],x],fext/A-A g Sin[6]-D[p[x,t],x]== o
D[v[x,t],t], plxStart, t]==pxStart,v[xStart, t]==vxStart,
plx,0]==(pxStart/.t-> 0), v[x,0]==(vxStart/. t-> 0)};

pvSolution=NDSolve[pde, {p[x,t],vI[x,t]}, {x,xStart,xStart+dx},{t,0,3}1]1;
pvSolution[[1]]
]

xStep=0.04/4;
nStep=10*4;
r=0.0107;
dr=0.00055/nStep;
R=0.1;
pvs=ConstantArray[Missing[], nStep];
pxStart=pinterpd[t]; (*FourierSinSeries[8t,t,6]%*);
vxStart=pxStart/ ((1+R)*1050*PWV[r, 0.73, 130000,1050]/(1-R));
xfext=0.25 Sin[8 t];
Do [
PrintTemporary[n];
pvs[[n] ]=SegmentPV[r, 0.73, 130000, 1050, O, x,t,p,v, (n-1) xStep, xStep,
pxStart,vxStart,If[n==1,xfext,0]];
pxStart=(p[x,t]/. pvs[[n]])/.x-> n xStep;
vxStartOld=(v[x,t]/. pvs[[n]])/. x-> n xStep;
vxStart=vxStartOld* (r/ (r+dr))?;
(*vxStart=(v[x,t]/. pvs[[n]])/. x[J n xStep;* (r/ (r+dr))"2%*)
r=r+dr;
, {n,nStep}
]

pTable=Flatten[Table[{x,t,p[x,t]/.pvs[[n]]}, {n,1, nStep,1},{x, (n-1)xStep,
n xStep, 0.01}, {t, 0,3, 0.01}1,2];

ListPlot3D[pTable]

vTable=Flatten[Table[{x,t,v[x,t]/.pvs[[n]]}, {n,1, nStep,1},{x, (n-1)xStep,
n xStep, 0.01}, {t, 0,3, 0.01}1,2];

ListPlot3D[vTable]

sine wave
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{_ k D[p[xltJlthzA D[V[XItJIXJI

fexternal/A[t]-A g Sin[6]-Dlp(x,t],x]== o D[v[x,t],t],
p[0.004,t]==p01,v[0.004,t]==v01} /. {(A[t]->A,k->A/ (p c?) Y (*3[t10pc
Abs[cA]/ (2DA) *)
S/ {h->0.0066,r->0.0142,p->1050,A->11/4 (2r)2,c->4.468, fexterna1—=>0.0000

Sin[12m t],6->0,9->9.81}
s= NDSolve[%, {p[x,t],v[x,t]},{x,0.004,.008},{t,0,3}]
Plot3D[p[x,t]/.%, {x, 0.004,0.008}, {t, 0,3}]

Beat

data0219=Import["E:\\Data from Shaker taken on 02 Febl7.xlsx"]

sheet=1;

data0219chl=data0219[ [sheet,10;;-1,{5,6}]11/.""->Missing][];
fs=1/(data0219chl[[2,1]1]1-data0219ch1[[1,11]):;
ListLinePlot[data0219chl, GridLines-

>{Automatic, {Min[DeleteMissing@data0219chl[[A1l,2]]11}}]

beatRange=<|1->Interval[{7.20,9.66}],2->Interval([{4.98,7.43}]1,7-
>Interval[{48.13,50.58}],8->Interval([{7.12,9.8}]|>
beat0219chl=Select[data0219chl, IntervalMemberQ [beatRange[sheet] , #[[1]]1]1&];
ListLinePlot[beat0219chl, GridLines-

>{Automatic, {beat0219chl[[1,2]],beat0219chl1[[-1,2]]}}]

psd={Subdivide [0, fs, Length[beat0219chl]-
1],PeriodogramArray[beat0219chl [[A1l,2]]11}L;

Interpolation

pinterpd=Interpolation[booklp,Method- "Spline”, InterpolationOrder->2]
pEvenlySampled = Table[pinterpd[t], {t,Min[booklp[[All, 1111,
Max [booklp[[All, 1111, 0.03} 1;

pinterpd = ListInterpolation|[ pEvenlySampled~Prepend~pEvenlySampled[[-1]11,

{{0, 0.6}1},

PeriodicInterpolation -> True]

Plot [pinterpd(t], {t, 0, 1.6}, AspectRatio -> 1/3, ImageSize -> Large,
PlotPoints -> 1000]
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Appendix B: Smart Motor
programming code

EIGH (W, 0)
7S

CTE (1)

CTA (23,100)
CTW (0)

CTW (2664)
CTW (4995%)
CTW (6993)
CTW (B658)
CTW (9990)
CTW (10822)
CTW (11389)
CTW (11655)
CTW (9000)
CTW (7500}
CTW (&000)
CTW (4500}
CTW (3500)
CTW (2400}
CTW (1600}
CTW (1100}
CTW (700)
CTW (400)
CTW (150}
CTW (75)
CTW (40)

CTW (0)

SRC (2}

MCE (2)

MCW (1,0)

M
MCMUL
MCDIV
MFMUL
MFDIV =
MFA (0)

MFD (0}
MFSDC (0,0)
=

END

]
=] b B
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Appendix C: LDS Shaker 405 and
LDS® PA 100E power amplifier

Permanent Magnet Shakers

V

%)

&3

\ "'-:u:q

left to right: V100 Series, V200 Series on trunnions, V200 Series, V400 Series,

V400 Series on trunnions, V450 Series on trunnions, V450 Series

LDS Shaker Model V100 Series V200 Series V400 Series V450 Series V455 Series
Recomended LD5 Amplifier LPA100 - no fan
LPAL0O LPA100 LPAEOD - Wil fasi LPABDO LPA1000
Natural Air Cooling (no fan)
Sine Peak Force 8.9 N (2.0 Ibf) 17.8 N (4.0 Ibf) 98.0 N (22.0 Ibf) 177.0 N (39.8 Ibf) =

Random Force rms

38.0 N (8.5 Ibf)

Half-sine Shock Force#

90.0 N (21.0 Ibf)

Velocity Sine Peak

1.31 m/s (51.6 in/s)

1.49 m/s (58.7 in/s)

1.52 m/s (59.8 in/s)

1.78 m/s (70.1in/s)

Acceleration Sine Peak

Acceleration Random rms

1373 m/s’ (140.0 gn)

892 m/s” (91.0 gn)

490 m/s? (50.0 gn)
190 m/s* (19.4 gn)

415 m/fs? (42.3 gn)

Displacement Peak-Peakt

2.5mm (0.1in)

5.0 mm (0.2 in)

14.0 mm (0.55 in)

19.0 mm (0.75 in)

Forced Air Cooling (with fan)

Sine Peak Force

196 N (44.0 Ibf)

311 N (70.0 Ibf)

489 N (110.0 Ibf)

Random Force rms

89 N (20.0 Ibf)

214 N (48.0 Ibf)

290 N (66.0 Ibf)

Half-sine Shock Force®

200 N (44.0 Ibf)

460 N (103.0 Ibf)

730 N (163.0 Ibf)

Velocity Sine Peak

1.78 m/s (70.1 in/s)

1.78 m/s (70.1in/s)

2.50 m/s (98.4 in/s)

Acceleration Sine Peak

980 m/s? (100.0 gn)

730 m/s? (74.4 gn)

1147 my/s? (117.0 gn)

Acceleration Random rms

446 m/s? (45.5 gn)

501 m/s® (51.1 gn)

686 m/s? (70.0 gn)

Displacement Peak-Peakt

17.6 mm (0.69 in)

19.0 mm (0.75 in)

Mass of Moving Elements

0.0065 kg (0.014 Ib)

0.02 kg (0.044 Ib)

0.2 kg (0.44 Ib)

0.426 kg (0.94 Ib)

Body Mass — base mounted

0.91 kg (2.0 Ib)

1.81 kg (4.0 Ib)

14.1 kg (31.0 Ib)

64.0 kg (141.1 Ib)

Body Mass — trunnion mounted

3.17 kg (7.0 Ib)

22.7 kg (50.0 Ib)

81.7 kg (180.1 Ib)

Armature Resonance (fn) 12000 Hz 13000 Hz 9000 Hz 6000 Hz
Usable Frequency Range dc to 12000 Hz dc to 13000 Hz dc to 9000 Hz dc to 7500 Hz
Acoustic Noise¥

Shaker naturally cocled < 70 dBA 75 dBA 82 dBA 105 dBA

Shaker forced-air cooled -_ 75 dBA 105 dBA 105 dBA
Total Heat Dissipation 9.5W 48.0W 340w a20wW 1.6 kW
Max. Ambi king P 30°C (86 °F)

Maximum Dimensions
Base-mounted shaker

89.0 x DIA 65.0 mm
(3.5% DIA 2.6in)

96.0 x DIA 78.0 mm
(3.8xDIA3.1in)

198.4 x DIA 165 mm
(7.8 X DIA 6.5 in)

290 x DIA 265 mm
(11.4 x DIA 10.4 in)

Maximum Dimensions
Trunnion-mounted shaker

120 x 117 x 100 mm
(4.7x4.6x3.9in)

274 x 259 x 165 mm
(10.8 x 10.2 x 6.5 in)

395 x 375 x 275 mm
(15.6 x 14.8 x 10.8 in)

-

Half-sine shock force is calculated with the standard payload, 2 ms pulsewidth, 10% pre/post pulse.
Displacement can vary with payload and shaker orientation. Please contact Brilel & Kjzer for advice on specific test requirements.

Measured at a distance of 1 m (3.3 ft) and at a height of 1.6 m (5.2 ft) above floor level in an enclosed cell.
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Linear Power Amplifiers

left to right: LPA100 Amplifier, LPAGOO Amplifier, LPA1000 Amplifier

Features The LDS® LPA100 Linear Power Amplifier has been designed primarily to
drive the LDS V100 Series and V200 Series shakers.

* Multi-function display

« Electronic peak current limiting The LDS LPABOO Linear Power Amplifier has been designed primarily to

= Continuously variable gain control with integral reset drive the LDS V400 Series, and V450 Series shakers.

Continuousl iable rent limit control
% Hously.var FRFTEMLITIT SOHRe The LDS LPA1000 Linear Power Amplifier has been designed to work

with the larger V455 Series permanent magnet shakers.

LDS Linear Power Amplifier Model LPALOO LPABOO LPA1000
Classification class B linear amplifier, air-cooled

Input Supply (£10%) 100, 120, 230 V, at 50/60 Hz

Input kVA <0.44 kVA <1.85 kVA <2.70 kVA
Rated Power Output 94Win3.150 656 Win250 961 Wind 00
Maximum Power Output Capacity 154 VA In3.150Q B810VAIN250Q 1296 VA In4.00Q
Gain 22 V/V £ 2 dB max. 45 V/V £ 2 dB max. 72 V/V £ 2 dB max.
Monitoring Output — Voltage 0.1V/V + 3%, 5 Hz to 15 kHz 0.05V/V £ 3%, 5 Hz to 10 kHz 0.05V/V £ 3%, 5 Hz to 10 kHz
Monitoring Output — Current 0.1V/A % 3%, 5 Hz to 15 kHz 0.1V/A + 3%, 5 Hz to 10 kHz 0.1V/A + 3%, 5 Hz to 10 kHz
Freq y Range at Maxi Power | dcto 15 kHz for 30 mins at max. VA 40 Hz to 10 kHz for 30 mins at max. VA

Total Harmonic Distortion at Rated <0.1%, 15 Hz to 5 kHz <0.2%, 40 Hz to 5 kHz

Output <0.2%, 5 kHz to 15 kHz <0.3%, 5 kHz to 10 kHz

Maximum Output Voltage — no load 22 Vrms, dc to 15 kHz 45 Vrms, de to 10 kHz 72 Vrms, dc to 10 kHz
Output Current at Rated VA 5.5 Arms 16.2 Arms 15.5 Arms
Maximum Output Current 7.0 A rms, dc to 15 kHz for 30 mins 17.75 A rms, 40 Hz to 10 kHz for 30 mins
Signal-to-Noise Ratio >95dB

Amplifier Efficiency 52% 57% 64 %

Sound Power Level at 2m (6.6 ft) 41 dBA 45 dBA 45 dBA

Max. Ambi Working Temg e 35°C(95 °F)

Weight 14.0 kg (31 1b) 26.8kg (59 Ib) | 33.5 kg (73.9 Ib)
Height 88 mm (3.5 in) excluding feet 132 mm (5.2 in) excluding feet

Width 482.6 mm (19.0 in), with flanges for standard 19" rack mounting

Depth 450 mm (17.7 in) 450 mm (17.7 in) | 550 mm (21.6 in)
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Dragon Skin® 10

Speciﬁcations
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Appendix E: Easy Driver Schematic
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