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Abstract 

The development of a prototype extra-aortic balloon cuff with peristaltic motion and 

counterpulsation system is explored to investigate the practical feasibility for potential 

future treatments for chronic heart failure.  This concept is an extension of an existing 

clinical heart assisting device called C-Pulse® created by Sunshine Heart which is used 

to treat patients with New York Heart Association Class III and ambulatory Class IV 

heart failure.  Both software simulation and hardware-based experimental work are 

undertaken.   

The software simulation of a one-dimensional pressure wave propagation through an 

aortic segment and the influence of an external peristaltic movement are explored using 

Matlab® (MathWorks®, United States).  Simulation results show characteristic 

differences between a normal pressure waveform and an augmented waveform.  The 

hardware work was divided into three parts – development of a phantom aorta, 

cardiovascular simulation platform, and the peristaltic extra-aortic balloon cuff prototype.  

A phantom aorta was made from Dragon Skin® 10 with geometries and properties similar 

to that of the biological physiological human aorta.  A devised cardiovascular simulation 

platform with the phantom aorta attached was constructed and utilised as a testing 

platform for the functionality of the peristaltic extra-aortic balloon cuff prototype.  The 

prototype was developed using an Arduino based microcontroller which drives four 

pneumatic pumps that inflate and deflate extra-aortic balloon cuffs, attached to the 

descending aorta, in a counterpulsating manner to the natural heartbeat. 

The peristaltic extra-aortic balloon cuff prototype was able to significantly increase the 

mean aortic pressure from ~92 mmHg to ~96 mmHg (P<0.05).  The flow velocity 

waveform in the ascending aorta was also altered – increasing the mean diastolic flow 

from 13.47 cm/s to 17.73 cm/s (P<0.05).  
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Glossary 

Aorta  A major artery of the human body. 

Arteries  Muscular-walled tubes forming part of the 

circulation system that blood flows through. 

Ascending aorta  (AA) Top part of the aorta (closest to the heart). 

Cardiac Cycle (CC) A sequence of both electrical and mechanical 

events that repeats every heartbeat. 

Cardiac 

Resynchronisation 

Therapy 

(CRT) A medical therapy that resynchronises 

irregular heartbeats with small electrical 

impulses. 

Cardiac Output (CO) The amount of blood that the heart pumps out 

per minute.  Usually expressed in L/min. 

Counterpulsation  A medical technique that synchronizes the 

external pumping of blood with the cardiac 

cycle to assist circulation and reduce cardiac 

workload. 

Chronic Heart Failure  (CHF) Condition where the heart that cannot pump 

sufficient volume of blood around the body. 

C-Pulse®  A heart assisting device created by Sunshine 

Heart.  

Descending aorta  (DA) Bottom part of the aorta (away from the heart). 
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External pneumatic 

compression 

(EPC) A device that is used to treat heart disease 

using counterpulsation. 

Electrocardiogram  (ECG) The measurement of electrical activity of the 

heart. 

Extra-aortic balloon cuff (EABC) An inflatable balloon that attaches to the aorta 

exterior. 

Hemodynamic  Flow of blood within the organs and tissue. 

Intra-aortic balloon pump (IABP) A heart assisting device that uses an inflatable 

balloon implanted into the descending aorta. 

Peristaltic   Progressive wave-like contractions. 

Phantom  A synthetic analogue of a part of the human 

anatomy.    

Pulse Wave Velocity  (PWV) The measurement of arterial stiffness, or the 

rate at which pressure wave move down the 

vessel. 

Stereolithography  (SLA) A form of 3D printing technology that is used 

for rapid prototyping. 

Ventricles  A hollow or cavity part of an organ, in this 

research, specifically referring to the heart. 

Ventricle Assist Device (VAD) A mechanical pump that assists a weaken 

heart. (LVAD: to assist left ventricle, RVAD: 

to assist right ventricle). 
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Chapter 1  

Introduction 

Cardiovascular disease (CVD) is an expansive term that describes a range of medical 

conditions that affect the human heart.  Conditions include atherosclerosis (narrowing of 

the arteries), congestive heart failure (CHF), heart arrhythmias and heart valve problems.  

According to the World Health Organization [1], it is estimated that 17.3 million people 

worldwide died from CVD in 2008 and these numbers are expected to rise to 23.6 million 

by 2030.  CVD, in medical practice, is usually diagnosed when a person develops 

symptoms of the disease and heart attack is unfortunately the first sign that occurs [2].  

There are multiple treatments that medical professionals can give to lower the risk of 

suffering a heart attack.  However, if the damage to the heart muscle is too severe or 

medications fail to assist, then invasive surgery may be necessary.  This can involve 

surgical coronary bypass, implantation of a heart assisting device and even full heart 

transplant. 

CHF remains one of the biggest unsolved healthcare issues worldwide.  According to 

statistics, CHF affects more than 5 million people in America alone with approximately 

550,000 new cases diagnosed each year [3-4].  A new portable heart assisting device by 

Sunshine Heart Inc. called C-Pulse® is used to treat patients with CHF using an inflatable 

extra-aortic balloon cuff (EABC).  The cuff was designed to increase cardiac output (CO) 

that could halt or reverse the progression of CHF.  The results from clinical trials proved 

its design could assist CHF patients [4].  This research poses the question: what if you 

could improve the device’s function by applying a peristaltic model – like the locomotion 

of a worm – to the EABC to further assist heart function?  The hypothesis is that peristaltic 

counterpulsation in an EABC would increase aortic flow and diastolic pressure that could 

assist the function of diseased hearts.  This novel peristaltic extra-aortic balloon cuff 

(PEABC) could become a viable alternative to cardiopulmonary bypass surgery or full 

heart transplant as a method of assisting heart function [5] to treat CHF. 
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1.1 Background of Study 

1.1.1 Overview of the Cardiovascular System 

The cardiovascular system comprises of a heart that is an anatomical pump with its 

intricate arteries, veins, and capillaries that traverse the entire human body transporting 

blood [6].  The blood transports oxygen, nutrients, waste and immune components to 

support basic functionality of human cells and organs [6].  A normal adult human holds 

about 5 litres of blood and this amount is circulated through the heart about once every 

minute when a person is resting - this circulation output is referred to as cardiac output 

(CO) [6].  CO can be calculated as the product of stroke volume (the volume of blood 

that the heart pumps per beat) and the heart rate in beat per minute (bpm) [7].  During 

exercise, the body may require four times the normal CO due to the fact that the muscles 

need more oxygen and this means the heart will pump faster or the stroke volume will be 

increased so that more blood can circulate around the body [7]. 

A human heart is roughly the size of an individual’s fist and is considered to be the 

strongest muscle in the body.  The electrical activity in the heart controls the heart’s 

pumping action of its muscles.  On average, a healthy adult heart beats1 100,800 times 

every day or 2.94 billion times in its lifetime2.  The human heart is an organ that serves 

as a pump to circulate blood around the body.  It is typically located slightly to the left of 

centre in between the two lungs.  A normal heart rate is approximately 70 bpm so that the 

cardiac cycle spans a 0.86 second period [6].  The heart muscle is made up of four 

chambers: upper two (atria) and lower two (ventricles). These chambers form two 

separate pumps on each side of the heart (left and right) which are divided by a muscle 

wall called the septum.  The heart chambers have sealing valves that make the blood 

travel in one direction only, allowing blood to flow either from one chamber to another 

or out of the heart [8].  These walled sac muscles contract and relax in sequence to 

transport oxygenated and nutrient-loaded blood around the human body to organs and 

muscles.  Not only does the heart pump blood around the body, but it also pumps blood 

back to the heart muscle walls via coronary arteries.  These coronary arteries originate 

from the major blood vessel (aorta) and latch on the walls of the heart muscle [9].  The 

                                                 

1 70 beats per minute 

2 80 years 
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aorta is the largest artery of the body’s systemic circuit and starts from the left ventricle 

[10].  The aorta can be an inch in diameter and more than a foot long. It is subdivided into 

four major segments that are clinically important [10]: 

 The ascending aorta is the part that rises up approximately two inches from the 

heart’s left ventricle.  The two coronary arteries branch off the ascending aorta 

and provide blood back to the heart muscles [10].   

 

 The aortic arch curves and hugs around the top part of the heart and branches out 

to three smaller arteries – right common carotid artery, left common carotid artery, 

and brachiocephalic artery – that supply blood to the arms, head, and neck [10]. 

      

 The descending thoracic aorta is the longest segment that travels down the body 

that also branches out into small arteries in the chest structure [10]. 

 

 The abdominal aorta is the last segment that starts at the diaphragm and bifurcates 

into a pair of iliac arteries (left iliac artery and right iliac artery) in the lower 

abdomen.  It provides blood to major organs around the region that branch off 

from the abdominal aorta [10].  
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Looking at the microscopic anatomy of the aortic wall, the aortic wall is made up of three 

layers: intima, media, and adventitia [11].  Intima is the inner layer that provides a smooth 

surface for blood to flow; media is the middle layer consisting of muscles and elastic 

fibres that allow the wall to contract and expand with each heartbeat; adventitia is the 

outer layer that provides additional structural support to the aorta [10].  In regards to a 

normal aortic geometry, the size of the aorta decreases with distance from the aortic valve 

to the abdominal aorta in a tapered manner [12].  A general human aorta size and shape 

that’s relative to the human body is shown on Figure 1.1.  The nominal geometry size, 

shape, as well as the biophysical properties of a human aorta, are examined and discussed 

in Chapter 2.   

 

Figure 1.1: The human aorta geometry and its branching arteries [13]. 
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The pumping of the heart (heartbeat) is caused by the alternating contractions and 

relaxations of the heart muscle wall (myocardium) [14].  The contractions are stimulated 

by electrical impulses from the heart’s natural pacemaker (sinoatrial or S-A node) and 

these impulses cause the two atria to contract and force blood into the ventricles (see 

Figure 1.2) [14].  The contraction of the ventricles is caused by impulses from the 

atrioventricular (A-V node).  As the ventricle relaxes, the pressure falls within, blood 

again flows into the atria, then an impulse from the S-A node initiates the cycle over 

again, and this is referred to as the cardiac cycle (CC) [14].  The contraction phase of the 

ventricles is termed systole and the relaxation phase is termed diastole.  The diastolic 

period is the longest of the two phases and allows the heart to rest in between contractions 

[9]. 

 

Figure 1.2:  The four chambers and valves of the human heart [14]. 
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The circulatory system has two pathways: the systemic circuit and pulmonary circuit.   

Within the systemic circuit, oxygenated blood leaves the body through the left ventricle 

to the aorta where it travels to arteries and capillaries to oxygenate body tissue [15].  The 

deoxygenated blood then returns via the veins, where it re-enters the heart's right atrium.  

In the pulmonary circuit, the deoxygenated blood travels out from the right ventricle via 

the pulmonary artery and travels up to the lungs where the blood can be oxygenated.  This 

newly oxygenated blood then returns to the left atrium via the pulmonary vein and this 

cycle repeats every heart beat (see Figure 1.3). 

 

Figure 1.3: Overview of the human cardiovascular system [16]. 
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The complexity of the cardiovascular system is highly vulnerable to damage from the 

things we do to it, such as smoking, unhealthy eating or stress.  In some circumstances, a 

person can be born with a defective heart also known as congenital heart defect – 

according to the National Heart, Lungs and Blood Institute, more than 35,000 babies in 

the United States alone are born with congenital heart failure [17].  CVD is a broad term 

that covers various disorders to the system associated with the heart’s functionality [18].  

CVD directly affects the heart itself as well as the brain and peripheral circulatory system 

[19]. Below are three classifications of  CVD and some of the associated types outlined 

by the World Heart Federation [19]: 

Heart-related cardiovascular disease 

- Angina  

Chest pain due to the lack of blood supplied to the heart muscle. 

 

- Arrhythmia  

An abnormality of the heart rhythm. 

 

- Heart failure 

A condition where the heart is unable to pump enough blood to supply the body’s 

tissue and organs.  

 

Brain-related cardiovascular disease 

- Cerebrovascular disease (stroke) 

 

Blood flow to the brain is blocked or interrupted.  This causes the cells in the 

brain to die due to oxygen and nutrient deprivation.  There are two types of stroke 

– hemorrhagic and ischemic. 

 

o Hemorrhagic stroke 

A stroke that occurs when damaged blood vessels rupture and bleed onto 

the surrounding brain. 

 

o Ischemic stroke 

Occurs when the blood supply to the brain is blocked.  
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Circulatory system-related cardiovascular disease 

- Deep vein thrombosis 

 

A condition where blood clots form in the veins (usually in the legs).  These clots 

then break away and travel through the bloodstream to an artery in the lungs and 

block blood flow. 

 

- Hypertensive heart disease  

 

Classified as heart damage that results from high blood pressure, heart failure and 

thickening of the heart muscle. 

 

- Peripheral artery disease 

 

Refers to the narrowing of the arteries external to the brain or heart causing blood 

flow disruption that can lead to the death of tissue cells.  
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The specific type of CVD that is relevant to this study is the heart-related condition called 

heart failure.  Heart failure is a condition in which the heart cannot sufficiently pump 

blood around the body.  Heart failure is generally caused by heart attacks, high blood 

pressure, viral infection in the heart, cardiomyopathy or heart valve problems [20].  Heart 

failure can be categorised into three categories, left-side heart failure, right-side heart 

failure, and congestive heart failure (see Figure 1.4).   Two types of left-side heart failure 

called systolic failure and diastolic failure can occur.  Systolic heart failure occurs when 

the heart muscle does not normally squeeze due to a weakened heart muscle 

(cardiomyopathy) [21].  Diastolic heart failure, on the other hand, occurs when the heart 

squeezes well but cannot correctly fill with blood because the wall muscle has thickened 

and has lost the capability to relax [21].  Both systolic and diastolic heart failure results 

in the back up of blood to the lungs and other parts of the body (hands, legs, and feet).  

This backing up of blood is referred to as congestion, hence the term congestive heart 

failure.  In some case a weak heart does not result in congestion [21]. 

 

Figure 1.4: Three types of heart failure [22]. 
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1.1.2 What is Congestive Heart Failure? 

CHF presently affects about 5 million people in America alone with approximately 

550,000 new cases diagnosed each year [21], [23].  CHF affects all ages in both genders 

although patients aged 59 and above have a higher risk of CHF.  Along with the ageing 

population of the world [24], the number of patients diagnosed with CHF is increasing 

continuously [25-26].  More than half of diagnosed patients die within five years of 

diagnosis [21], [23].  The likelihood of developing CHF increases with age;  at 40 years 

of age, the lifetime risk for both women and men is 1 in 5 [26].  It is a severe condition 

for which there is no cure.  CHF is caused by numerous medical conditions that damage 

the heart muscle; associated conditions like heart attack, coronary artery disease and 

cardiomyopathy.  These conditions make the heart struggle to keep up with the demands 

of the organs and tissue – the major symptoms that patients can experience are shortness 

of breath, reduced ability to walk and feeling tired and weak [26].  

 

   

 

 

 

 

 

 

 

Figure 1.5: Healthy heart anatomy vs. congestive heart (modified) [27]. 

  

Left Ventricle  

Healthy Heart Congestive Heart 

Right Ventricle  

Aorta  

Enlarged Left 

Ventricle 

Thinner muscle wall  
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CHF is classified into four classes by the New York Heart Association (NYHA) standard.  

NYHA outlines the severity of how well the heart is still able to pump blood around the 

body indicated by how a patient with CHF limits their physical activities [28].  The 

following are definitions from the American Heart Association for the four NYHA classes 

[28]. 

- Class I (Mild) 

 

No limitations of physical activity.  Ordinary physical activity does not cause 

undue fatigue, palpitation, and shortness of breath. 

 

- Class II (Mild) 

 

Slight limitation of physical activity.  Comfortable at rest.  Ordinary physical 

activity results in fatigue, palpitation, and shortness of breath 

 

- Class III (Moderate) 

 

Marked limitations of physical activity.  Comfortable at rest. Less than ordinary 

activity causes fatigue, palpitations or shortness of breath. 

 

- Class IV (Severe) 

 

Unable to carry on any physical activity with discomfort.  Symptoms of heart 

failure at rest.  If any physical activity is undertaken, discomfort increases. 
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CHF is a serious illness that can limit how long a patient can live for as well as their 

quality of life. With medical advancements today, proper treatment and thorough 

management, a patient can be managed to prolong their life [26].  Appropriate treatments 

for CHF are generally defined by the NYHA classification and the underlying medical 

conditions that the patient may have.  As stated by Sunshine Heart [26] and American 

Heart Association [28] there are three major treatments that can manage CHF: 

- Lifestyle Change 

 

Lifestyle change is usually the first option that is recommended for all patients. 

Changes such as healthier diet, exercise and other habits like quitting smoking can 

help alleviate symptoms, and decrease the rate of disease progression. 

   

 

- Heart Medications 

 

Patients with CHF are often prescribed multiple medications to treat different 

symptoms or contributing factors of CHF.  Various research studies show that 

medication is proven to be the best treatment of CHF.  Types of medications can 

include blood thinners, anticoagulants, and statins, to name a few. 

 

- Device and Surgical Procedures 

 

In some cases, patients with moderate to severe CHF require treatment further to 

the two mentioned above.  Patients with severe damage to the heart muscle require 

an implantable device to either assist or replace the heart function.  A Ventricular 

Assist Device (VAD) is an implantable device that is essentially a pump attached 

to the patient’s own heart to aid the heart to pump blood around the body.  In 

severe CHF cases where heart-assisting devices, medication and lifestyle change 

fails to slow down the progression, a heart transplant may be the only means to 

effectively treat the patient.  
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1.1.3 Heart Assisting Devices for CHF 

Heart assisting devices with mechanical circulatory support are an essential treatment for 

patients with advancing moderate to severe CHF.  Technological advances in this area 

have improved the overall survival rate and decreased the occurrence of complications 

[25]. 

Ventricle Assist Devices  

For patients that are too ill to wait for a heart transplant or for the case that a heart 

transplant is not a viable option because of age or other medical complications, VAD 

offers a life-saving treatment [29].  VAD was initially designed as a temporary support 

to bridge CHF patients to heart transplant but they are now being used as lifetime support 

due to the technological advancements (see Figure 1.6) [29].  VAD’s now allow some 

patients to return home and resume their normal daily activities.  However, the VAD’s 

pump design incurs invasive surgery and ongoing medical treatment which can result in 

a long-term risk of complications.   

 

Figure 1.6: Transcutaneous VAD and an implantable VAD [30]. 

 

The main design functionality of VAD’s is to assist the already damaged ventricle and 

maintain the normal flow of blood from the heart to vital organs [25-26].  There are two 

basic types of VAD’s; left ventricle assist device (LVAD) and right ventricle assist device 

(RVAD).  LVAD is the most common and is used to help the left ventricle pump oxygen-

rich blood to the aorta [30].  The RVAD helps the right ventricle pump blood to the lungs 

via the pulmonary artery where the blood can be oxygenated [30].  Both LVAD and 

RVAD can either be transcutaneous or implantable.  Transcutaneous VADs consist of an 

external pump and power unit located outside a patient’s body.  An implantable VADs 
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has the pump placed inside the patient’s body with the power unit located externally to 

the patient’s body. 

Until recently, the hardware footprint of the VAD’s systems was too large to be implanted 

into many patients, particularly women and children [30].  However, VAD’s are now 

smaller in size and can fit most adult patients as well as older children [30].  Although 

VAD’s offer life-saving treatment and improve the quality of life (QoL) for class IV CHF 

patients, complications will arise.  These complications include internal bleeding from 

the chest, stroke, infection, kidney failure and even cause the right side of the heart to fail 

[29], [31]. 

Cardiac Resynchronization Therapy 

Cardiac Resynchronization Therapy (CRT) is one of the few new treatments for 

symptoms associated with CHF caused by cardiomyopathy.  Some patients with CHF 

have an abnormality of their heart’s electrical system where the most common 

abnormality is the delay of the electrical conduction within the heart’s muscle [32].  In 

approximately 40% of such patients this results in an uncoordinated ventricular muscle 

contraction [32].  This abnormal electrical delay that occurs along the pathway that 

electrical impulses travel to make the heartbeat is referred to as bundle branch block 

(BBB) [33].  BBB reduces the ability of the heart to efficiently pump blood through the 

circulatory system [33].  A CRT system is designed to restore the normal heart pumping 

action of the ventricles with small amounts of electrical charge applied to three sections 

of the heart [32].  The small electrical impulses are delivered from a common pacemaker 

via three leads which make CRT essentially a unique type of pacemaker (see Figure 1.7) 

[32], [34].  The small electrical impulses stimulate the heart muscle in sync with the 

natural heartbeat that results in an improvement in electrical delay.  The CRT ideally 

treats patients with NYHA class III-IV CHF, cardiomyopathy and significant electrical 

delay across the ventricles [32].  According to Shea and Sweeney, scientific studies 

involving over 2000 patients worldwide have concluded that CRT consistently 

demonstrates a modest improvement in CHF class and QoL. However, only small 

numbers of CHF patients can actually benefit from  CRT treatment [32].  Like the VADs, 

the treatment involves an invasive surgery of blood-contacting implants which could lead 

to device-related infectious complications [35]. 
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Figure 1.7: Cardiac Resynchronization Therapy [34]. 

 

Intra-aortic Balloon Pump 

An Intra-aortic balloon pump (IABP) is a mechanical device that is surgically inserted 

into the descending aorta (DA) which is designed to help the heart pump blood around 

the circulatory system by reducing the heart’s workload.  The design of the IABP is a 

long, thin tube (catheter) with a balloon attached to the end [36].  The balloon at the end 

of the catheter inflates and deflates in synchrony with the heart, resulting in an 

improvement in function of the left ventricle [36].  The inflation of the IABP occurs after 

the contraction stage of the left ventricle which increases blood flow back to the heart and 

the rest of the body [36].  The deflation stage occurs as the left ventricle is about to pump 

out the blood for which the balloon creates extra space in the DA, allowing the heart to 

pump out more blood (see Figure 1.8) [36].  Like all invasive CHF treatments, IABP also 

comes with complications.  These include infection in the bloodstream that can occur 

after prolonged usage of the IABP and aortic disruption (tearing of the aorta) caused by 

over inflation of the balloon [36].  The IABP device also requires the patient to be in the 

hospital with minimal or no mobility during the treatment which is considered 

inconvenient for the patients [36].  
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Figure 1.8: IABP System. Left: Inflation of the balloon during diastole. Right: Deflation of the 

balloon during systole [37]. 

 

Extra-aortic balloon pump 

An extra-aortic balloon pump (EABP) is a CHF treatment that uses a balloon cuff that is 

attached to the aorta externally for the function of reducing the heart workload [38].  The 

system works by the process of inflation and deflation of the cuff in synchrony with the 

natural heartbeat [38].  The system uses the concept of counterpulsation – timed inflation 

in between heart beats.  When the heart relaxes, the cuff inflation occurs which squeezes 

the aorta producing a blood surge to both the body and heart muscle [38].  Just before the 

heart starts to pump again, the cuff deflates and allows the blood to flow naturally around 

the circulatory system without disruption [38].  The EABP system is non-blood-

contacting which means no risk of infection within the bloodstream and has been proven 

to be an effective treatment for  NYHA class III and ambulatory class IV CHF patients 

[4].  However, EABP does again come with complications such as aortic rupture, lack of 

effectiveness and device failure [39].  More in-depth information on the EABP will be 

presented in Chapter 2. 
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1.2 Aims of the Research  

The aim of this research is to study an extra-aortic balloon cuff that binds around the DA 

and applies peristaltic movement to the cuff with a pneumatic driver and a 

microcontroller; the objective is to determine if such a system could augment the pressure 

and flow waveforms in the DA – with the goal of increasing the coronary blood flow and 

decreasing cardiac afterload during a cardiac cycle (see Figure 1.9).   

 

Figure 1.9: Concept of an extra-aortic balloon cuff attached to the descending aorta. 

 

The study is based on a variation of the idea behind Sunshine Heart’s C-Pulse® heart 

assist device.  Their device uses a pneumatic balloon cuff that wraps around the ascending 

aorta (AA) and pumps in the rhythm of a natural heartbeat producing a thumbprint like 

depression on to the AA wall.  The C-Pulse® system is a relatively new investigational 

clinic treatment option that treats patients with moderate to severe CHF.  As Sunshine 

Heart has outlined, there is a gap for CHF treatment – late NYHA class III and NYHA 



 37 

early class IV (see Figure 1.10) [40] and C-Pulse® is currently the only device that fulfils 

this gap.  This treatment gap represents patients who are not responding well to optimal 

medical therapy, are severely limited in their daily activity or do not qualify for a full 

heart transplant [40]. 

 

Figure 1.10: Heart failure treatment gap outlined by Sunshine Heart [40]. 

 

The C-Pulse® system has been designed to augment the diastolic pressure in the AA using 

counterpulsation. Clinical data published by Sunshine Heart has shown that the device 

does decrease left ventricular afterload (end-systolic wall stress) and increase coronary 

blood flow.  

The idea of peristaltic actuation of pneumatic cuffs attached to the DA, that is the basis 

of this research, is supported by combining aspects of several areas of research.  This idea 

is an adaptation of the fundamental design of the C-Pulse®.  A second concept is that of 

peristaltic transportation of fluid.  A study by Takagi and Balmforth [41] derived a model 

for a peristaltic wave that propagates down a fluid-filled elastic tube.  Their mathematical 

model computes how a peristaltic wave behaves or is manipulated as it travels down the 

tube.  Another similar study by Maiti and Misra [42] demonstrated the effects of 

peristaltic transport of fluid applied to a tube to study the hemodynamics. 

Manipulation of the descending aorta to assist heart function was first discovered by the 

Kantrowitz brothers back in 1953 [43].  An experiment done by the Kantrowitz brothers 

demonstrated the benefits of using a diaphragm wrapped around the descending aorta 

which was stimulated to contract during diastole to decrease ventricular workload [43].  

Their research lead to the creation of the IABP by Dr. Ardian Kantrowitz from which the 

concept of descending aortic augmentation was adapted.  
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1.3 Thesis Structure 

This research was based on covering the areas that were relevant to support the hypothesis 

and conclude the feasibility of the overall project.  The three major aspects – phantom 

aortas and cardiovascular simulation platform, pulse wave software simulation, and the 

PEABC Prototype – are described and examined in separate chapters.  Each chapter is 

presented with its own individual introduction, methodology, results and discussion 

content.  The introduction section briefly describes the functionality and purpose of the 

aspect. The methodology section explains the critical processes behind the work that was 

done based on work done by previous research.  The result section shows the results 

obtained from testing procedures performed in that aspect.  The results are then compared 

with related research – mentioned in the literature review chapter – in the discussion 

section.  Once all of the aspects are presented separately, a result summary chapter 

describes the results as put together.  The discussion summary then compares these 

consolidated results against what is reported in the literature.  Chapter 3, Chapter 4 and 

Chapter 5 describe the development of a phantom aorta and cardiovascular simulation 

platform, software simulation of the aortic pulse wave and the hardware/software 

development of the PEABC respectively. 

 

Figure 1.11: Thesis structure of the related topics, with each of the topic’s result and discussion 

sections being summarised together in Chapter 6 and Chapter 7. 
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Chapter 2  

Literature Review 

The literature review presented here is intended to support this thesis by describing the 

feasibility of applying peristaltic counter-pulsation to an extra-aortic balloon cuff, to 

increase aortic flow and pressure that would result in reducing cardiac workload.  Aspects 

of this review relate to the construction of a functional prototype that is capable of 

assisting heart function.  This literature review is structured according to the following 

main themes: 

- Extra-Aortic Balloon Cuff (C-Pulse®) 

Clinical trial device developed by Sunshine Heart Inc. that uses counter-pulsation 

to provide physiologic benefits (cardiac output and aortic diastolic pressure). 

- Peristaltic Model 

The understating of peristaltic movement to transport viscous fluid in an elastic 

tube. 

- Arterial Hemodynamic 

Knowledge of normal and abnormal hemodynamic statistics and waveforms in the 

human arterial system.  

- Pulse Wave Velocity 

The understanding of pulse wave velocity, which is related to the experimental 

work undertaken in this research. 

- Phantom Aorta 

The process of adapting anatomical geometry and biophysical properties of a 

human aorta to produce a phantom aorta. 
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2.1 Extra-Aortic Balloon Cuff - C-Pulse® 

The C-Pulse® design revolves around implementing a proven balloon counterpulsation 

technology that assists the heart’s cardiac cycle by reducing the workload of the left 

ventricle [26].  Stated by Sunshine Heart [38] the C-Pulse® is designed to improve heart 

function in the following ways: 

 “Increase coronary blood flow with more oxygenated blood flowing to the blood 

vessels and heart muscle.” 

 “Decrease cardiac afterload reducing how hard the heart has to work to pump 

blood through the body.” 

 “Increase cardiac function with more blood being pumped from the heart to the 

rest of the body.” 

 

2.1.1 Design and Operation of the C-Pulse® 

The C-Pulse® system consists of an internal extra-aortic balloon (EAB) and an epicardial 

electrocardiography sense lead that connect to an external battery-powered pneumatic 

drive (see Figure 2.1) [5].  The EAB was made from polyurethane fused with a polyester 

wrap that conformed to the ascending aorta (see Figure 2.2) [26].  The EAB is surgically 

attached to the ascending aorta and the epicardial sensor lead placed on the left ventricle 

[5].  The C-Pulse® pneumatic drive system pumps in counterpulsation to the natural 

heartbeat and results in the EAB deflating during systole and inflating during diastole [5]. 

 

Figure 2.1: Extra-aortic balloon cuff (C-Pulse®) system attached to the ascending aorta. (A): C-

Pulse® Device, (B): Cuff deflation, (C): Cuff inflation (modified) [5],[44]. 

A B C 
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The inflation and deflation timing of the EAB is programmed into the C-Pulse® system 

so that inflation begins directly after the dicrotic notch and deflation occurs during the 

ejection phase of systole [5] – the exact inflation and deflation timing data of the C-Pulse® 

system has not been disclosed publicly.  The C-Pulse® device design allows the patient 

to detach the device for a period of time without complications as it is not a life sustaining 

device and therefore the patient is able to shower or undertake other activities.  The 

implantation of the C-Pulse® EAB is performed using a minimally invasive surgical 

technique that takes around 90 min with no requirement for a cardiopulmonary bypass 

(stopping the heart) [4]. 

 

Figure 2.2: Material composition of the extra-aortic balloon cuff (C-Pulse®) (modified) [26]. 

 

2.1.2 Clinical Evidence by Sunshine Heart on C-Pulse® 

There have been some publications by Sunshine Heart that outline the performance of the 

C-Pulse® in assisting patients with CHF [45].  These report evidence obtained in clinical 

trials that show an increase in coronary and diastolic carotid flow [44], [47-48], systolic 

and diastolic pressure wave augmentation [47], and improved cardiac output [48] which 

reflects a reduction in cardiac afterload [47].  Sunshine Heart’s findings show that the C-

Pulse® increases diastolic flow velocity by an average of 30% with a marked increase in 

net flow rate of +57% [47] (see Figure 2.3).  In the same study, the forward and backwards 

pressure wave at the ascending aorta are also affected and the diastolic phase of the 

pressure waves are increased (see Figure 2.4). 

Polyurethane Balloon 

Polyester Wrap 

Pneumatic Air Line 
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Figure 2.3: Carotid flow velocity. Blue: C-Pulse® off, Red: C-Pulse® on [47].  

 

 

Figure 2.4: (A): Forward and Backwards pressure wave at the ascending aorta with the C-

Pulse® off.  (B): Forward and Backwards pressure wave at the ascending aorta with the C-

Pulse® on [47]. 

 

A preliminary study by Legget et al. on an intraoperative feasibility study on EAB 

counterpulsation clinically tested EAB attached to the ascending aorta in 6 patients that 

were undergoing first-time off-pump coronary bypass surgical procedures [44].  Legget 

et al. stated that current methods of ventricular assistance have significant limb and 

vascular impediments on patients.  Their study determined the safety and performance of 

the novel EAB.  They concluded that EAB can augment coronary artery flow by 67% and 

reduces left ventricular workload [44].  A further study by Sales and McCarthy on 

understanding the C-Pulse® and its potential to treat heart failure reinforce Legget et al.’s 

statistical data on coronary artery flow [46].  They compared the hemodynamic 

augmentation of EAB (C-Pulse®) to an existing IABP device that also functions using 

aortic counterpulsation [46].  Their results showed that both of the circulatory support 

A B 
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devices could significantly increase diastolic arterial pressure and decrease left 

ventricular workload.  Abraham et al. [5]  also agree with the statement of physiological 

benefits of IABP and EAB stated by both Legget et al. [44], and Sales and McCarthy 

[46].    

One of the key features of the C-Pulse® is inflation and deflation timing of the EAB.  In 

another study by Sunshine Heart [49], C-Pulse® timing was investigated using 

plethysmography and concluded that timing of the EAB inflation and deflation has a 

significant effect on the efficiency of the C-Pulse®.  Their use of plethysmographic 

waveforms provided a good approximation of the arterial blood pressure waveform in the 

tested patient with C-Pulse® [49].  In their documented technical bulletin, the initial test 

results shown in Figure 2.5, illustrates the optimised 1:2 operation (that is, C-Pulse 

activation every second cardiac cycle) with correct inflation timing. 

 

Figure 2.5: The effects on the pressure waveform with an optimised 1:2 operation of the C-

Pulse® [49]. 
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With the same 1:2 operation test of the C-Pulse®, the effects on the pressure waveform 

due to both late/early inflation and deflation timing were illustrated.  The effects on the 

pressure waveform due to early inflation of the C-Pulse® – as stated on the technical 

bulletin – the diastolic augmentation will start up higher than the dicrotic notch [49] (see 

Figure 2.6).  Early inflation time of the C-Pulse® was concluded to affect the cardiac 

performance negatively [49].  However, late inflation time was not considered unsafe but 

would  reduce the effectiveness of counterpulsation [49].  

 

Figure 2.6:The effects on the pressure waveform due to early inflation timing of the C-

Pulse®[49]. 

 

As for the deflation timing of the C-Pulse®, late deflation was also stated to affect cardiac 

performance negatively.  An early deflation had the same effect on the outcome as late 

inflation – a reduction in effectiveness of counterpulsation (see Figure 2.7) [49]. 

 

Figure 2.7: The effects on the pressure waveform due to early deflation timing of the C-

Pulse®[49]. 
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Their technical bulletin also documented the ideal inflation volume (depending on the C-

Pulse® cuff size) and inflation slew setting of the C-Pulse®.  C-Pulse® did not state the 

inflation volume of the cuff but they did state that the cuff was able to displace 20ml – 

30ml of blood per beat [49].  The result of good inflation volume and slew rate was that 

the diastolic pressure waveform augmentation peaks would be close to the same height 

as the systolic peaks (see Figure 2.8).  It was also specified that if the diastolic peaks were 

higher than the systolic peaks, reducing the slew rate would decrease the diastolic peak 

[49].   

Figure 2.8: The effects on the pressure waveform due to a good inflation volume and slew 

rate[49]. 

 

2.1.3 Counterpulsation System 

Counterpulsation therapy is one of the earliest and most common systems of mechanical 

circulatory support for patients with deteriorating CHF [1].  The foundation of aortic 

counterpulsation was discovered by Dr. Adrian Kantrowitz in 1956  [43].  The experiment 

involved using an animal model (dogs) in which the hemidiaphragm was wrapped around 

the descending aorta and with electrical stimulation, a contraction was made during 

diastole.  His findings resulted in augmenting the diastolic pressure characteristics of the 

native cardiac cycle, improving coronary perfusion and reducing the cardiac afterload by 

25% [50].  Today, counterpulsation techniques use a mechanical device to increase aortic 

pressure during the beginning of diastole which in turn, increases myocardial perfusion  

and decrease aortic pressure during the beginning of systole to decrease ventricular 

workload and cardiovascular afterload [3].  Both studies by Sunshine Heart [3] and 

Franco et al. [49] agree that the principle of effective counterpulsation operation requires 
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precise control of inflation and deflation timing and synchronisation of the 

counterpulsation device with the intrinsic cardiac cycle (see Figure 2.9).  The triggering 

process of inflation and deflation of a counterpulsation device can be derived from an 

ECG signal and/or aortic pressure waveform [3], [29]. 

 

Figure 2.9: Counterpulsation timing during a cardiac cycle. (A): ECG and Pressure inflation 

trigger point. (B): Hemodynamic pressure augmentation during inflation and deflation [28]. 

 

There are multiple myocardial assisting devices that adopt the principle of 

counterpulsation.  These counterpulsation devices include: 

- Intra-Aortic Balloon Pump (IABP)  

- Extra-Aortic Balloon Cuff (C-Pulse®) 

- Extracorporeal Counterpulsation Device (ECP) 

Counterpulsation therapy has multiple clinical benefits for not only the heart but also end-

organs and peripheral circulation for patients with CHF. The therapy has been known to 

benefit patient’s hemodynamic physiology, including3 

Increased Cardiac Output  0-20% 

Decreased heart rate   0-10% 

Increased Coronary Perfusion 0-100% 

                                                 

3 Statistics based on patients treated with an IABP [3] 

A B 
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Franco et al. also outlines that devices such as IABP’s and C-Pulse® that adapts 

counterpulsation therapy have been shown to be most effective when the patient has 

systolic aortic pressures are between 40-70 mmHg, a heart rate between 80-110 bpm and 

has a high arterial stiffness [3].  In other corresponding statements between Sunshine 

Heart [49] and Franco et al. [3] the optimal performance of an IABP is achieved when 

the IABP balloon displacement volume equals the stroke volume of the native left 

ventricle [3].  The effectiveness of counterpulsation is also related to where the IABP 

device is located on the aorta with a preference for the device to be positioned close to 

the aortic valve [3].  Device placements of the IABP at the descending aorta and the C-

Pulse® at the ascending aorta have become the standard of care because these locations 

avoid the risk of obstruction and/or embolization of the aortic arch vessels [3-4]. 

 

2.2 Peristaltic Model 

Peristalsis is defined by the Merriam-Webster medical dictionary “as a successive wave 

of involuntary contraction passing along the walls of a hollow muscular structure” [52]. 

The peristaltic transport phenomenon occurs in various physiological activities like the 

flow of urine fluid from the kidneys to the bladder, the movement of food along the 

digestive tracts (large and small intestines) [42] and the transport of blood through small 

blood vessels (see Figure 2.10) [53].  

 

Figure 2.10: Peristaltic contraction and distension through an elastic tube within a 5 second 

period (modified) [54]. 

 

The dynamics of peristaltic augmentation can also be found in biological locomotion of 

worms [55], swimming of micro-organisms and snails [41].  This mechanism has been 

adapted for biomedical devices such as heart-lung machines, dialysis machines and blood 
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pumping machines [42].  Studies of peristaltic modelling have been receiving growing 

interest for scientific researchers [42].  An interesting research article by J. D. Glenn et 

al. [56] examined the circuitry system of a mosquito and how it transports blood through 

a peristaltic contraction in the dorsal vessel which consists of a thoracic aorta and an 

abdominal heart.  Their findings concluded that the hemolymph flow at an average 

velocity of 8 mm/s is dictated by the anterograde and retrograde direction of the peristaltic 

muscle contractions of the heart which is made of segmental muscle fibres (see Figure 

2.11) [56]. 

 

Figure 2.11: A Circulatory system of a mosquito [57]. 

 

It is a natural mechanism of pumping that is observed in many cases of physiology [42].  

During peristaltic pumping, the physiological fluid is driven by periods of propagating 

waves of contraction and expansion that advances along a medium [42], [53].  There are 

numerous studies that investigate the peristaltic transport of blood using analytical, 

numerical and experimentation methods [42], [53], [59-61].  An analytical and numerical 

study by S.Maiti et al. theoretically investigated the peristaltic transport of blood in a 

porous channel [59].  S.Maiti et al. studied the effects of different physical parameters – 

amplitude ratio and reflecting permeability – on velocity and pumping action of blood by 

inducing a progressive wave of regional contraction and expansion along the length of 

the boundary of a fluid-filled distensible tube to observe the peristaltic transport of blood 

in a small blood vessel (see Figure 2.12) [59]. 
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Figure 2.12: Peristaltic transport of blood wave schematic [59]. 

 

Another related study, similar to S.Maiti et al., conducted by Hariharan et al., explains 

the characteristics of peristaltic transportation of non-Newtonian fluid in a diverging 

medium with different waveforms [53].  Hariharan et al. modelled different waveforms – 

sinusoidal, triangular, trapezoidal, multi-sinusoidal and triangular – that limit wall motion 

[53].  Their study suggests that the best pumping waveform that increases pressure flow 

characteristics is a square wave, with a triangular wave having the worst characteristics 

[53]. 

A different study by Martin et al. employs the application of a peristaltic pulse to an 

external pneumatic compression device (EPC) that attaches to a patient’s limb to observe 

the peripheral conduit and resistance artery function [60].  Their method involved the 

evaluation of the limb blood flow under the operation of a sequential EPC device with 

five inflation zones arranged linearly that inflates in a distal to proximal orientation along 

the lower limb [60].  The EPC parameters that were considered to have acute effects on 

the limb were treatment pressures, application sites and duty cycles [60].  From their 

findings that had the EPC inflation pressure set at 70 mmHg with treatment over 1 hour, 

the peak calf blood flow increased by 9% but the peak forearm had a negative effect with 

a reduction in blood flow of -10% [60].  The study of peristaltic pneumatic compression 

is also explored by Nicholas Kiefer et al., where an EPC device was attached to the leg – 

toe to groyne – with 12 overlapping chambers that inflate in a peristaltic matter resulted 

in an enhancement in hemodynamic stability (see Figure 2.13) [61].  The 12 chambers 

were inflated with different pressures; 60 mmHg in the first chamber (similar inflation 

pressure used by Martin et al.) and 38 mmHg in the last chamber [61].  The inflation 

process takes between 40-60 seconds and once the time elapses, the pressure is released 
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and after 4 seconds the cycle begins again [61].  Their conclusion states that the EPC 

device can increase an individual’s mean systolic pressure from 85 mmHg to 92 mmHg 

[61]. 

 

Figure 2.13: (A) EPC Device for the limb. (B) Compression cycle of the EPC device schematic. 

(C) Operation table with the surgery using the EPC device [61]. 

 

From the mentioned studies, one can assume that a practical application of peristaltic 

pneumatic compression can have a role in changing hemodynamic function.  Although 

the reported studies differ from this research in the application, the principle of applying 

peristalsis to alter the hemodynamics is sound and thus this research explores the 

adaptation of that principle for a new purpose.    
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2.3 Arterial Hemodynamics 

Hemodynamic studies blood flow in organic vessels in relation to the various internal and 

external factors that affect it.  A fluid is a substance that continues to deform under a shear 

stress force and continues to deform even when the force is removed [62].  Fluids can be 

contained in an elastic material which deforms e.g. blood vessel which recovers its 

original shape after the force is removed [62].  Although a precise explanation of all 

cardiovascular system hemodynamic phenomena is complex, the cardiovascular system 

with the heart generating a steady flow through a series of pipes is similar to the flow of 

water through a city’s water supply system (see Figure 2.14) [63].  Therefore, basic 

principles of fluid dynamics can be applied to understand the cardiovascular 

hemodynamic phenomena.   

 

Figure 2.14: Hemodynamic pressure and flow profile [63]. 

 

For blood to flow through a vessel or across heart valves, a propelling force acting on the 

blood is required and is supplied in the form of fluid pressure. The arterial pressure that 

is explored in this research is the aortic pressure.  During a cardiac cycle, the left ventricle 

ejects blood into the aorta thus the aortic pressure increases [63].  The peak aortic pressure 

that occurs subsequent to the ejection is defined as the systolic pressure [64].  As the left 

ventricle relaxes and replenishes with blood, the pressure in the aorta decreases.  At the 

lowest aortic pressure point, before the cardiac cycle repeats, is the diastolic pressure [64].  

For a young adult male, a normal systolic pressure is typically 120 mmHg, and 80 mmHg 

for diastolic pressure [63], [66].  The differences between systolic and diastolic pressure 
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are known as the aortic pulse pressure and normally ranges between 40-50 mmHg (see 

Figure 2.15) [64].  The mean arterial pressure is the average pressure during the cardiac 

cycle which can range between 70 – 100 mmHg [66].  There are several factors that alter 

the pressure waveform.  For example, during exercise, according to Thore, the systolic 

and diastolic pressures can increase by 10-40 mmHg depending on the intensity [62].   

 

Figure 2.15: Arterial Pressure waveform during a cardiac cycle [64]. 
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A study by Drummond aimed to model the hemodynamic flow and pressure 

characteristics of a segment of the cardiovascular system using a mechanical piston pump 

[67].  Drummond’s study outlines the importance of creating a pulsatile pump system to 

model flow characteristics of pressure and velocity in the human aorta.  The simulation 

platform uses a closed loop system constructed in LabVIEW (National Instruments™, 

United States) that utilises pulse width modulation (PWM) hardware and software to alter 

an aortic pressure set point via a linear actuator, water pump, and pressure sensors.  His 

design allowed variable control of fluid displacement, velocity and acceleration through 

which the flow speed, volume flow rate and pressure in the artificial aorta could be made 

somewhat similar to physiological values.  The maximum flow speed that was achieved 

in the experiment was 1.3 m/s, the volume flow rate in the artificial aorta during systole 

was 4.1 L/min, and a systolic and diastolic pressure of 83 mmHg and 20 mmHg 

respectively [67].  The flow and pressure measurements in the artificial aorta were 

obtained using an ultrasound machine and pressure sensors [67].  Drummond’s work 

shown in Figure 2.16 allowed tests and observation of the cardiovascular hemodynamics 

of both pressure and flow data to be obtained in real time.   

 

Figure 2.16: Drummond’s left ventricle mechanism apparatus set up [67]. 
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In Figure 2.17 and Figure 2.18, a comparison between approximate physiological and 

measured flow speed in Drummond’s artificial aorta are illustrated. Both the measured 

flow speed and the ascending aortic pressure are lower than physiological values. 

However, the shape of the waveforms was similar [67].  

 

Figure 2.17:  Comparison between physiological and measure flow speeds in the aorta [67]. 

 

 

Figure 2.18:  Comparison between physiological and measured pressures in the ascending 

aorta [67]. 
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2.4 Pulse Wave Velocity (PWV) 

Pulse wave velocity (PWV) is not the same as blood velocity, but instead relates to the 

transmission of energy through the arterial wall and not the displacement of mass through 

the blood filled artery [68].  PWV values vary with pressure and age [69-70].  According 

to London and Pannier, the PWV can range from 4 m/s to 12 m/s.  In a large multi-centre 

study by Wentland et al., approximately 17,000 patients’ carotid-femoral PWV were 

measured and the study reported a normal PWV value of ~6 m/s for healthy individuals 

aged <30 years old [69].  Wentland et al. also documented that individuals aged >70 years 

had a PWV of about 10 m/s.  PWV can be obtained by measurements based on the change 

in the time it takes for the pulse wave to travel a known distance through the artery [70] 

(see Equation 2.1).  

 

 

𝑃𝑊𝑉 = 
∆𝑥

∆𝑡
 Equation 2.1 

A common method for calculating PWV using a mathematical model is by using Moens 

Korteweg’s equation (see Equation 2.2). This equation assumes no significant changes in 

vessel area and wall thickness.  Moens Korteweg’s equation computes PWV using the 

Young’s Modulus (𝐸), wall thickness of vessel (ℎ), radius of the vessel (𝑟) and blood 

density (𝜌).  

 

 

𝑃𝑊𝑉′ =  √
𝐸ℎ 

2𝜌𝑟
 Equation 2.2 

Another relevant study by Vappou et al. examined the variance of PWV values in an in 

vivo study of 11 patients against phantoms.  The average in vivo PWV and Young’s 

modulus were measured as 4.4 m/s ± 0.6 m/s and 108 kPa ± 27 kPa respectively [71].  

These measurements were based on average abdominal aorta parameters that were 

obtained using ultrasound.  The average inner diameter was 12.7 mm ± 0.8 mm, and the 

average artery wall thickness was 1.8 mm ± 0.1 mm.  Arterial phantoms were constructed 

using polyacrylamide with an inner diameter of 9.7 mm and a wall thickness of 2 mm. 
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2.5 Phantom Aorta 

Phantom modelling of certain common vascular structures of human anatomy allows 

experimenting with related medical treatments in a controlled environment [72]. Phantom 

aortas are made to simulate both vessel-like structures and biophysical properties that can 

be comparable to a real human aorta.  One of the most commonly used materials that are 

suitable for modelling vessel-like phantom structures is silicone.  Russ et al. explain the 

development of rapid prototyping of silicone-based phantom aorta models that could be 

viable for stent simulation validation [72].  Another study that developed phantom aorta 

using silicone was described by Savrasov et al. [73] (see Figure 2.19).  In order to create 

a phantom aorta model comparable to other developed phantom aortas and real human 

aorta, the nominal aortic geometric size, shape, and biophysical properties had to be 

obtained and applied. 

 

Figure 2.19: A Phantom model of the arterial system (modified) [73].  

 

2.5.1 Aorta Geometric Size and Shape 

The human aorta represents a complex organ that is variable in size and shape depending 

on an individual’s age and gender [12].  A study of aortic dimensions and the risk of 

dissection published by Erbel and Eggebrecht stated that a normal diameter of the 

ascending aorta is <2.1 cm/m2 (indexed to body surface area), the descending aorta as 

<1.6 cm/ m2, and aortic wall thickness of <4 mm is considered as normal [12].  However, 

the normal range has to be corrected for all ages and gender.  During a person’s life 

through childhood and young adulthood the size of the aorta increases at a rate of 1-2 
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mm/year [12].  Another study by Evangelista et al. also describes aortic geometry but in 

a more detailed context.  Evangelista et al. used echocardiography to establish 

measurements and record normative data of the aorta geometry and mentions that aortic 

size is strongly related to body surface area and age [74].  Evangelista et al. consider that 

in adults (based on body surface area), the upper normal diameter of an ascending aorta 

is 2.1 cm/m2 [74] which is also stated by Erbel and Eggebrecht [12].  An illustration is 

shown in Figure 2.20 by Evangelista et al. shows the nominal aortic diameter range limits 

of the different segments.  

 

Figure 2.20: Normal size of the categorised aortic segments [74]. 
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A research paper by Vasava et al. [75] also outlines detailed computational geometries of 

the aorta and reconstructed an idealised model of a human aorta based on an aorta model 

used by Shahcheraghi et al. [76].  Vasava et al. also divide the aorta into three segments 

– ascending aorta, aortic arch and descending aorta –  with geometries within normal 

limits conforming to that of Evangelista et al. (see Table 1).  The length of each aortic 

segment is also specified by Vasava et al. : the overall length of their modelled aorta from 

the top of the aortic arch down to the descending aorta was 120 mm and 148 mm with the 

inclusion of the left common carotid artery length [75]. 

Table 1: Computational geometries of the aorta by Vasava et al. [75]. 

 

A study by Savrasov et al., modelled phantom human arterial system using mean size 

geometries.  Their phantom arterial system geometries are shown in Figure 2.21 and 

include the diameter, length and wall thickness from the ascending aorta to the abdominal 

aorta and its major branching arteries of lower extremities [73].  The phantom human 

arterial system has an overall length of 1258 mm [73] which was longer than used by 

Vasava et al. and Shahcheraghi et al.  Aortic wall thickness is also specified in some 

studies in modelling phantom aortas.  Savrasov et al. defined their wall thickness to be 

uniformly 2 mm but 1.5 mm at common iliac artery [73].  A study by Mensel et al. 

quantified the mean thoracic wall thickness using magnetic resonance imaging (MRI) 

across a population of 50 volunteers (24 men, 26 women; mean age 50.2 ± 13.1 years) 

Aortic Segment Geometry Size (mm) 

Ascending aorta 
Diameter 

Length 

25.0 

18.0 

Aortic arch 
Diameter 

Arch Radius 

25.0 

32.5 

Descending aorta 
Diameter 

Length 

20.0 

75.0 

Brachiocephalic Artery 
Length 

Diameter 

28.0 

8.8 

Left common carotid 

artery 

Length 

Diameter 

28.0 

8.8 

Left subclavian artery 
Length 

Diameter 

28.8 

9.9 
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[77]. Their findings resulted in specifying the mean aortic wall thickness to be 1.89mm ± 

0.21mm for the ascending aorta and 1.60mm ± 0.22mm for the descending aorta. 

 

Figure 2.21: Geometries stated by Savrasov et al.  (A): Cross-sectional geometries of an aorta; 

(B): Arterial system geometries. (modified) [73]. 

 

The structural shape of a human aorta is also variable with a form factor similar to a 

walking stick.  The aorta first extends from the heart’s left ventricle via the aortic valve 

[10], [76], [78].  It then branches off into three arteries –  right common carotid artery, 

left common carotid artery, and brachiocephalic artery – that supply blood to the head 

and arms [10], [76], [78].  It then descends through the chest and abdomen and bifurcates 

into the left iliac artery and right iliac artery that supply the leg and abdominal organs 

[10], [73], [78].  Vasava et al. simplifying the geometry by ignoring the complex 

curvatures that are present in real abdominal aorta and torsion of the ascending aorta [75].  

Most modelling of aortic structural shape is derived from observations of an actual human 

aorta using computed tomographic (CT) imaging or MRI [79] but are usually simplified 

A 

B 
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due to anatomy complexity that features curvatures, distal tapering and branching [76-

77].  Caballero and Laín describe the technique of obtaining MRI data of a patient, then 

translating that data to create a patient-specific 3D model of an aorta with structural 

complexity (see Figure 2.22) [80].   

 

Figure 2.22:  Different models of the aorta.  (A): Simplified model of the thoracic aorta by 

Vasava et al. [75]. (B): The undermining curvature of the abdominal aorta modelled by 

Shahcheraghi et al. [76] (C): A patient-specific complex aortic anatomy modelled by Caballero 

and Laín [80]. 

 

2.5.2 Aortic Biophysical Properties 

The aorta plays a key role in modulating left ventricular performance and arterial system 

function throughout the entire cardiovascular system [74].  The most important 

biophysical property that is considered widely across multiple studies modelling aorta or 

the arterial system is elasticity [72], [75], [84-85].  The elasticity of the aortic wall varies 

with blood pressure and the change in aorta diameter during systolic and diastolic phases 

[82]. A measurement of elasticity in an aortic tissue can be quantified by Young’s 

Modulus (E) or Modulus of elasticity and is determined by the ratio of stress vs. strain 

[83].  For modelling a phantom aorta, both Russ et al. and Savrasov et al. have considered 

the modulus of elasticity for selecting an appropriate material (see Table 2).  

 

A B C 



 61 

Table 2: Table of materials for making phantom aorta that is used by some studies involving 

hardware experimentations.     

Phantom Material Young’s Modulus (MPa) Source 

Dragon Skin® 

(02,10,20,30)4 
1.1143 (20)5 

Russ et al. [72] 

Atieh [84] 

Polyurethane 1.8 Savrasov et al. [73] 

Poly-Di-Methyl-

Siloxane (PDMS) 
1.68-2.51 Gülan et al. [85] 

Aortic Tissue6 0.46 - 1 
Bia et al. [86] 

Lantz et al., [87] 

 

Utilising the aorta geometric data and defining the aortic biophysical properties from the 

mentioned sources is essential for fabricating a phantom aorta that can produce results 

similar to those of a real human aorta.   

                                                 

4 Different Shore Hardness grades 

5 Sourced from Atieh [84] 

6 Non phantom material 
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Chapter 3  

Phantom Aorta and 

Cardiovascular Simulation 

Platform 

3.1 Introduction 

In this chapter, the development of both the phantom aorta and an experimental 

cardiovascular simulation platform are explained.  These two components work together 

as the platform for experimentation with the PEABC prototype.  Such phantoms and 

simulation platforms have been created and used widely in testing and validation in 

cardiology based research such as evaluation hemodynamics [85], [88] and testing 

reliability of VADs [93-94]. 

The following sections in this chapter describe the development of two phantom aortas. 

Testing of phantom aorta 1 produced results that were used to guide the development of 

phantom aorta 2.  This chapter also compares both phantom aortas against works 

mentioned in the literature review chapter.  Phantom aorta 2 was utilised to complete the 

cardiovascular simulation system.  This system is also compared to some key related 

studies in the literature review chapter.   
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Figure 3.1: Left Ventricular Mechanism designed by Drummond with the phantom aorta and 

PEABC attached. 
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3.2 Methodology 

3.2.1 Phantom Aorta 1 Development 

In this section, we explain the processes that were involved in the development of the first 

phantom aorta, including mimicking the anatomy of a real aorta using a rapid prototyping 

technique which is explained in section 3.2.3.    The target structural and biophysical 

properties of the phantom aorta have been mentioned in Chapter 2, section 2.5.  Structural 

properties such as aortic shape, size, and branching arteries of the aorta were considered.  

The phantom aorta was designed to look anatomically correct for an average size human. 

Elasticity properties were considered when finding the appropriate synthetic materials 

like silicone, which were formed into the required shape using a moulding method 

developed for this project.   

To further verify that the shape of the modelled aorta is relevant in size in comparison 

with an average sized heart, a 3D model of a human heart sourced from GrabCAD was 

used.  The developed phantom aorta is projected alongside and fused with the 3D model 

heart to validate geometric compatibility (see Figure 3.2).  

 

Figure 3.2 CAD models of the (A): phantom aorta 1 created for this research, compared to (B): 

an average sized human heart obtained through GrabCAD. 

  

A 

B 
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3.2.2 Research-specific Aortic Geometry and Biophysical Properties 

As explained in the literature review chapter, the physical properties of a human aorta 

come in all shape and sizes depending on age and gender.  To select an appropriate aortic 

geometry and biophysical properties for this research, relevant geometry and biophysical 

data mentioned in Chapter 2 are applied to the modelling of the phantom aorta.  The aortic 

geometry selection for the phantom model that was created initially is shown in Figure 

3.3 and Table 3. 

 

Figure 3.3: Cross section of the 3D CAD model of the aorta. 

 

Table 3: Dimensions of the 3D CAD model of the aorta shown in Figure 3.3 

Aorta Geometry Size (mm) 

Wall thickness (H1) 1.89 

Diameter (D1) 30 

Diameter (D2) 13.11 

Diameter (D3) 8.7 

Diameter (D4) 28 

Diameter (D5) 8.7 

Length (L1) 153.737 

Length (L2) 180.552 
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These dimensions were utilised in the process of creating a 3D CAD model using the 

Fusion 360 (Autodesk®, United States) software.  The model consisted of a hollow aorta 

profile that starts from the aortic valve and terminates in the descending aorta.  The model 

incorporated three main branching arteries from the aortic arch and two coronary arteries 

at the ascending aorta. 

 

3.2.3 Rapid Prototyping Technique  

To fabricate the aorta modelled in CAD, the lost wax moulding technique was adapted.  

This type of moulding technique was chosen as it is repeatable and low cost.  It is 

particularly suitable because the aorta is a hollow curved tube and it was desired to 

produce it in one whole piece.  The moulding process was to first make an internal wax 

core mould using metal moulding plates that could be separated after the wax core had 

been poured.  The mould plates allow the fabrication of an internal wax core that 

represents the interior lumen of the aorta.  The process of producing the mould plates for 

the wax casting is described in section 3.2.3.2.  Once the wax was poured in and had 

hardened, silicone rubber was applied to the wax core by brushing it on, left to cure and 

then the wax was melted away – explained in section 3.2.3.3, 3.2.3.4 and 3.2.3.5  – leaving 

an aortic form close to the 3D CAD model (see Figure 3.4).   

 

Figure 3.4: Process of developing the phantom aorta, (A): 3D CAD design model.  (B): 

Development of the mould plates.  (C): Wax mould of the internal profile of the aorta.  (D): 

Silicone mould after the removal of the wax. 

 

A B C D 
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3.2.3.1 Materials 

The rapid prototyping technique for this research involved the selection of appropriate 

materials for the different parts of the mould and the mould plates.  The lost wax moulding 

process of fabricating the phantom aorta required the following four materials:   

1. Wax  

For the internal wax core, the wax had to melt at a practicable temperature so it could be 

poured and harden at room temperature to retain its solid shape during the process of 

silicone rubber application.  This project used Ferris Mould-A-Wax® No. 5.  Ferris 

Mould-A-Wax® is a uniquely malleable wax used to produce free-form shapes using the 

lost wax process [90].  Two grades of hardness were available – Soft (No. 6) and Regular 

Hardness (No. 5) – of which No.5 was chosen as it can maintain its shape at room 

temperature (melts at 76°C).  No. 6 was not appropriate as the wax was malleable at room 

temperature.   

2. Aluminium Mould Plates 

Because of the fact that the Mould-A-Wax® No. 5 melts at 76°C, moulding the wax core 

required mould plates that could withstand at least this temperature during the moulding 

process.  Aluminium is used for the mould plates because it can tolerate the hot wax being 

poured into it.  Moreover, the mould plates could also be heated before and while the wax 

was being poured to ensure the wax did not set prematurely.   

3. Silicone Rubber 

To create the phantom aorta for this research, biophysical properties had to be considered 

in order to obtain statistical results that can be validated in comparison to a real aorta.  

From the list of potential materials mentioned previously in Chapter 2 section 2.5.2, 

silicone rubber was chosen to fabricate the phantom aorta.  Smooth-On Rebound® 25 is 

a platinum-cured brushable silicone rubber with a mixing ratio of 1:1 by volume [91].  

The material has a Shore hardness of 25A which makes it soft and flexible. 
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4. Mould Release Agent 

The use of a mould release agent is an important material that aids the demoulding process 

of the wax core.  Marbocote® 227CEE is a mould release agent designed for releasing all 

types of epoxy, polyester resins from steel, aluminium or composite moulds [92].  Using 

the Marbocote® 227CEE was found to be effective in releasing the No. 5.  Ferris Mould-

A-Wax from machined aluminium plates, and significantly better than oil, Vaseline and 

CRC for this purpose (mention in section 0).  

 

3.2.3.2 Mould Plates Design for Casting 

The aluminium alloy mould plates were to be fabricated using CNC machining.  A 3D 

model of the mould plates was created from the internal profile of the 3D model phantom 

aorta. Some modifications to this internal body were made to make the process of pouring 

in the wax easier.  These modifications called sprue were larger cylindrical profiles 

extruded out at the ends of the four main branches (see Figure 3.5). 

 

Figure 3.5: Sprues on the inner wax core (circled). 

 

Once the inner core body was finalised, a new body was constructed from the bottom of 

the inner core.  The extruding of the new body was configured to intersect the inner core 

and produce a cut-out of the inner core as shown in Figure 3.6. 
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Figure 3.6: Extrusion of the new body thought the inner wax core. 
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The newly created body with the cut-out core was then split into two along the side, 

resulting in two bodies that represent the mould plates (Plate A and Plate B).  To keep the 

two plates joined tightly during the wax pouring process, holes were put in place for nuts 

and bolts.  Apart from joining to the two mould plates tightly, the plates also need to align 

to avoid imperfections of the wax core during moulding.  To assure that these mould 

plates aligned properly, several interlocks were put in place on the mould plates – Plate 

A: male interlock, Plate B: female interlock (see Figure 3.7).  After finalising the 3D CAD 

design of the mould plates for any deficiencies, the CAD file was sent away to the 

mechanical workshop at AUT University for CNC machining.  The machined plates once 

assembled together with nuts and bolts, results in a mould cast that wax can be poured 

into to form a wax core.   

 

Figure 3.7: (A): Wax mould plate A with male interlocks. (B): Wax mould plate B with female 

interlocks (circled). 

 

3.2.3.3 Wax Mould Process 

The method of moulding the wax using the developed mould plates required some 

preparation before the wax could be poured into the mould cast.  These preparations were 

developed after several unsuccessful mould attempts explained in section 3.3.1.  

A B 
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The first task of preparation involved the use of the mould release agent.  To aid the 

demoulding process, three layers of the Marbocote® 227CEE mould release agent were 

applied to the mould plates with a brush.  Each layer of Marbocote® 227CEE was applied 

at 15-minute intervals to allow each application to dry properly.  As the Marbocote® 

227CEE is highly flammable in liquid form with a flash point less than 21°C, it was 

applied in a well-ventilated place with no exposure to spark or open flames. 

Once the third layer was properly dried, a solid 450g block of Mould-A-Wax® was melted 

down to a liquefied form in a glass jug by putting it into an oven set at 110°C for 1-1.5 

hours.  During that time regular stirring was conducted to break up lumps that remained 

partially melted.  At the same time, the mould plates were also put in another heating 

oven subjected to 80-100°C heat.  The two plates were then aligned and joined together 

tightly with six M10x7.5 stainless steel hex nut and bolts.  To prevent the wax from 

pouring out during the wax pouring process, a dell was inserted at the bottom of the cast. 

After all the wax was liquefied, it was then slowly and carefully poured into the sprue 

holes at the top of the cast via a polymer funnel.  Using a polymer funnel over a metal 

funnel avoids rapid cooling of the wax during the initial pouring.  To confirm that the cast 

was correctly filled from the bottom to the top, the wax was poured into the cast to the 

point where overfilling occurred at all four holes at the top.  The cast was then set aside 

at room temperature to cool down for 24 hours before demoulding. 

 

3.2.3.4 Demoulding Wax Process 

Before splitting the cast, overfilled wax present on the top and sides of the cast was 

removed.  All six nuts and bolts were then removed and the mould plates split.  Care 

needed to be taken when separating the cast as if not done correctly the branches would 

break at weak points.  To avoid this, plate A was laid flat on its side and all four corners 

pried in turn with a metal wedge.  Once the two plates were loosely separable, plate B 

was slowly removed to expose the wax core resting on the other mould plate.  The wax 

core was then carefully removed from plate A and preparation was made for application 

of silicone rubber.  
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3.2.3.5 Silicone Rubber Mould Process 

The application of the Rebound® 25 silicone rubber first required mixing the two pots 

together at room temperature with a one to one (1A:1B) mixing ratio by volume.  The 

volume of the aorta obtained on CAD – 77.88 ml –  was used as the minimum volume of 

Rebound® 25 required for the application.  Typically, as some volume was lost during the 

process an additional ~30% of the required volume was mixed thus 1A = 60 ml, 1B = 60 

ml. 

Rebound® 25 has a pot life of 20 min which provided adequate time for brushing it on to 

the wax core.  Before applying the Rebound® 25, a small metal shaft was inserted at the 

bottom of the wax core to allow it to be suspended upside down (see Figure 3.8). 

 

Figure 3.8: (A): Wax core with a metal shaft inserted at the bottom of the mould. (B): Wax core 

suspended upside down for the application of the Rebound® 25. 

 

The Rebound® 25 was applied onto all surfaces of the wax core using a horsehair bristle 

paint brush.  Due to the viscosity of the substance, layers were applied in turn after waiting 

for the previous layer to cure.  To achieve the specified aortic thickness previously 

mentioned in section 2.5.1, the thickness of each layer was checked until the correct 

thickness was achieved, which was on the third layer.  The Rebound® 25 was then cured 

for 6 hours at room temperature.  The ends at points shown in Figure 3.9 were then cut 

off for the purpose of removing the wax core. 
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Figure 3.9: Cured Rebound® 25 silicone rubber ready for internal wax removal.  Points marked 

with a dashed line indicate where the cut outs were performed to remove the inner wax core. 

 

The removal of the inner wax core was done by submerging the whole mould in hot water.  

The mould was introduced into a container filled with 5 L of water at 100°C for 20 min.  

After this time the wax was soft enough to be bent and removed from the newly moulded 

phantom aorta.  The phantom aorta was then removed out of the water and dried.  The 

phantom aorta was then ready for use with the cardiovascular simulation platform.      

 

3.2.3.6 Testing Procedure 

The methodologies for moulding a phantom aorta stated in section 3.2.3 were the result 

of examining failures and finding an appropriate solution to solve/improve on preceding 

moulding attempts – these moulding challenges are fully explained later in section 3.3.1.  

The final product of the silicone rubber phantom aorta resulted in a similar aorta form 
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factor as the 3D CAD version but had some geometries variances due to the moulding 

techniques performed and the validation of the silicone rubber led to adaptation of an 

another student’s work development of a phantom aorta using PDMS which is explained 

in section 3.3.2.  The silicone rubber aorta, however, was useful for obtaining the 

preliminary results (see section 3.3) when implemented into the left cardiovascular 

simulation platform. 

 

3.2.4 Phantom Aorta 2 Development 

With the help of Johnson’s work [93], phantom aorta 2 was devised as an improvement 

on the first phantom aorta.  Johnson chose to use PDMS as a phantom material.  This 

project carried on from Johnson work and the material section was changed to using 

Dragon Skin® 10 due to reasons mentioned in section 3.3.2.  Phantom aorta II was 

developed and adopted over the first phantom aorta.  The following sections explain the 

context of both Johnson’s and this research’s work. 

 

3.2.4.1 Aortic Geometries  

 Johnson adapted aortic geometries from sources that specified the ascending aorta to be 

around Ø25 mm and the descending aorta to be around Ø20 mm [93].  This linear tapered 

profile followed the length of the aorta from the aorta valve to the iliac bifurcation and 

this distance was stated to be 750 mm [93].  The thickness of the aorta model was set at 

1mm thick for reasons of manufacturing practicality [93].  The geometry was simple (see 

Figure 3.10 and Table 4) and similar to this research and Savrasov et al. [73]. 

 

 

Figure 3.10: Johnson’s phantom aorta shape. 
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Table 4: Dimensions of the 3D CAD model of the aorta shown in Figure 3.10. 

Aorta Geometry Size (mm) 

Wall thickness (H1) 1.6 

Diameter (D1) 9.9 

Diameter (D2) 8.5 

Diameter (D3) 8.8 

Diameter (D4) 25 

Diameter (D5) 21 

Length (L1) 820.61 

Length (L2) 772.258 

 

3.2.4.2 Materials  

For phantom aorta 2 other silicone rubber types such as PDMS and Dragon Skin® 10 were 

explored (other materials that were used for making the phantom aorta 1 were still used 

i.e. wax, aluminium mould plates and Marbocote® 227CEE mould release agent): 

1. Poly-Di-Methyl-Siloxane (PDMS) 

Polydimethylsiloxane (PDMS) is a mineral-organic polymer that was initially used for 

fabricating the phantom aorta 2 that was performed by Johnson [93].  The material 

required a mixing ratio of both curing agent and PDMS based on desired material 

characteristics.  The mixing ratio applied by Johnson’s method was a 10:1 ratio that 

creates a suitable material characteristic for a phantom [93].  The curing process required 

the PDMS mould to be placed in an oven set at 45°C for 12 hours.  

2. Dragon Skin® 10 (Silicone Rubber) 

Smooth-On Dragon Skin® 10 is a platinum cured silicone rubber.  The preparation of the 

material also requires mixing a 1:1 ratio of the Dragon Skin® 10 Silicone rubber and a 

FAST Platinum cured agent by weight or volume for the curing process to start.  Dragon 

Skin® cures after 75 min at room temperature of 23°C.  With a pot life of 8 min, the 

preparation process and application time were adequate for the moulding process of the 

phantom aorta 2.  

 

3.2.4.3 Moulding Technique 

Johnson’s work produced two sets of mould plates that would mould the wax core as well 

as the walls of the phantom aorta.  His moulds were also derived from modelling the aorta 
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on CAD (Solidworks) and then translation to the mould plates.  His technique of 

moulding the phantom aorta using two separate sets of moulding plates was designed to 

better control the thickness of the walls of the phantom aorta during the process of 

moulding the PDMS.  Johnson also adapted the lost wax technique and the same process 

of moulding the wax was performed as for phantom aorta 1.  However, a larger oven was 

required to prepare the mould plates for wax pouring due to the fact that the plates were 

830 mm x 60 mm x 200 mm.  Being this large it took more time for the plates to heat up 

to the desired temperature (1.5 hours for the mould plates to achieve 60°C).  The mould 

plates were joined together with nuts and bolt with additional external guiding dells.  The 

melted wax was then poured into the wax cast – following the same procedure as 

mentioned in 3.2.3.3.  The wax core was then taken out from the wax cast and was 

transferred to the PDMS cast.  This process also required the use of demoulding agent 

Marbocote® 227CEE of which three layers was applied to the PDMS cast.  To assure that 

the wax mould was correctly lined up properly with the PDMS cast, four brass M5 screws 

were inserted at the ends of three branches – one for each branch – and one for the bottom 

of the aorta (see Figure 3.11).    

 

Figure 3.11:  M5 brass screws moulded into the wax. 

 

The process of moulding the PDMS layer onto the wax core was achieved by pouring the 

material through the filling holes in the second set of mould plates.  The PDMS mould 

required mixing a ratio of PDMS and its curing agent, with the ratio that was adapted by 

Johnson being 10:1.  According to Johnson, this is the ratio which, once the PDMS is 

cured, mimics the characteristic properties of an aorta.  To cure the PDMS, the mould 

was exposed to a radiant heat of 45°C for 24 hours.  The mould plates of the PDMS cast 
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were then carefully separated.  The phantom aorta II was then placed in hot water to 

remove the inner wax core.   

Due to difficulties that resulted in mould imperfections for the PDMS, an alternative 

material was used in this research.  The alternative material was Dragon Skin® 10 as 

mentioned by Russ et al. [72].  Dragon Skin® 10 requires mixing two parts in a 1:1 ratio 

by volume/weight – same as the Rebound® 25 – and the viscosity allowed application 

flexibility by either pouring, injecting or brush on.  Since Dragon Skin® 10 has a curing 

time of 75 min at room temperature 23°C, an oven is not required to cure the Dragon 

Skin® 10.  A total of 150g of Dragon Skin® 10 was mixed for moulding the aorta.  Dragon 

Skin® 10 has a pot life of 8 min and it required 2-3 min of mixing before applying to the 

mould, thus the working time for applying the Dragons Skin® 10 onto the wax core was 

approximately 5-6 min.  In order to achieve these times, although Johnson’s cast mould 

plates were used, the Dragon Skin® 10 was simply brushed on to one of the mould plates 

first followed by the second mould plate (see Figure 3.12) rather than being poured.   

 

Figure 3.12: Dragon Skin® 10 applied to the second mould plate. 

 

Once both mould plates were covered with Dragon Skin® 10, the wax core was placed on 

one of the horizontally rested mould plates and positioned correctly to ensure proper 

fixture.  The other mould plate was then carefully placed on top, resulting in the full 

closure of the cast.  The mould was allowed to cure for the time that was required and the 

same demoulding procedure as mentioned previously was performed.  Any imperfections 

of the phantom aorta 2 e.g. air bubbles were fixed by mixing and applying small batches 

of Dragon Skin® 10 with a brush.  The outcome of the phantom aorta 2 mould using 

Dragon Skin® 10 is described later in section 3.3.2. 
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3.2.5 Cardiovascular Simulation Platform 

In order to test and validate the conceptual idea of using PEABC hardware to augment 

aortic pressure and flow, a testing platform that could simulate parts of the cardiovascular 

system was to be used.  In particular, the system simulated the left ventricular pumping 

mechanism.  This project was based on a system first described by Drummond [67].  

However, this platform was redesigned and remade to overcome issues of the original 

problem and serve the purposes of this research.  This lead to the creation of making a 

Cardiovascular Simulation Platform hardware that integrated the phantom aorta 2 to 

complete the setup.  The cardiovascular simulation platform was redesigned on CAD but 

the same concept of simulating the left ventricle and the connection links and software 

integration were kept.  As part of solving issues of friction with the original piston pump, 

a bellows system was designed and implemented as shown in Figure 3.13 (marked B).  

Additional hardware was also added to simulate the capillaries for which the effects are 

described in section 3.3.3. 

 

Figure 3.13: (A1): Reservoir 1. (A2) Reservoir 2. (B): Bellow system. (C): Valves. (D): 

Phantom aorta 2. (E):  Linear actuator. (F): Capillaries. 

 

3.2.5.1 Design and Operation 

The orientation of the platform was also changed from being vertically orientated to being 

horizontally orientated.  This setup allowed flexibility of mounting hardware components 

as well as avoiding over-current problems of the SmartMotor™ (MOOG Animatics, 

United States) actuator, as less force was required to actuate the linear drive. 

A2 

A1 

F 

D B 

E C 
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Using bellows type actuation required less actuation force for the SmartMotor™ (MOOG 

Animatics, United States) compared to the original piston design of the left ventricle 

mechanism.  The piston originally had two wiper seals and required sufficient lubricant 

to avoid the jamming of the piston pump during operation.  Bellows, by contrast had 

negligible frictional force during operation.  The bellows type that was selected is 

essentially a suction cup with a six-folded bellows by piGrip®.  The piGrip® bellows 

(shown in Figure 3.14) is 124.8 mm in build height with a vertical movement of 73.2 mm 

and has a lip diameter of 70 mm.   

 

Figure 3.14: (A): piGrip® bellows uncompressed.  (B): piGrip® bellows compressed. 
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The piGrip® bellows have an internal volume of 211.3cm3 and a shore A hardness of 87 

which provides excellent wear resistance.  The configuration of this piGrip® bellows was 

selected to replace the left ventricle piston pump as it could produce comparable liquid 

volume output per actuation. 

The integration of the piGrip® bellows to the SmartMotor™ (MOOG Animatics, United 

States) required designing and manufacturing of the mounting hardware.  The three 

mounting hardware components were the coupling for the connection between the 

SmartMotor™ (MOOG Animatics, United States) drive and piGrip® bellows, the frame 

for fixation and support of the piGrip® bellow, and a bush for frame and piGrip® bellows 

connection (see Figure 3.15).   

 

Figure 3.15: (A): 3D printed bush. (B): 3D printed frame for the piGrip® bellows. 
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This mounting hardware were designed on CAD and 3D printed with a Stereolithography 

(SLA) technique.  The fixation between the coupling and the piGrip® bellows was done 

by pouring Pinkysil® silicone rubber with a shore A hardness of 30 into the cavity that 

once cured, formed a strong and air/water tight bond (see Figure 3.16).   

 

Figure 3.16: (A): Coupling attached to the piGrip® bellows via silicone rubber. 

 

The bush was used as a mount for the piGrip® bellows to connect to the mainframe.  The 

main frame was simply designed to hold the whole piGrip® bellows components onto the 

base (see Figure 3.17).   

 

Figure 3.17:  Assembled piGrip® bellows with bush and coupling. 

A 
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The two 1.5 litre containers served as reservoirs, both of which have the ability to move 

up and down for the purpose of changing the calibration pressures. As shown in Figure 

3.18 all of the hose connections to and from the reservoirs were Ø12 mm.  

 

Figure 3.18: One of the reservoirs with the 12 mm hose connections. 

 

Two one-way valves were attached to the entry and exit of the bellows system that 

represented the left ventricle. A brass check valve (entry) and prosthetic aortic valve 

shown on Figure 3.20 (exit) were connected into PVC pipe connections shown Figure 

3.19.  

 

Figure 3.19: (A): Brass check valve. (B): PVC piping. (C): Bellow system. (D): Aortic valve. 
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Figure 3.20: Prosthetic aortic valve (CardiaMed Rotating Heart Valve) supplied by OBEX® 

 

A water pump and its controller were also added to allow controlled increases of mean 

aortic pressure but for reasons discussed later in section 3.4.3 were not utilised.  An 

additional component is shown in Figure 3.21 was made to simulate the capillaries.  This 

artificial capillary bed was designed to restrict the flow of water and increase the pressure 

in the phantom aorta 2.  The cylindrically shaped sponge (Ø30mm x 20mm) was inserted 

into a tube that joins the end of the phantom aorta 2 to reservoir A. 

 

 

Figure 3.21: Artificial capillary. (A): cylindrical sponge. (B): PVC pipe. (C): 12 mm push 

fitting. 
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The left ventricle pump mechanism was controlled using a camming profile that was 

loaded on the SmartMotor.  As shown in Figure 3.22 the profile was designed to mimic 

the output flow and pressure of the left ventricle at a cycle rate of 60 bpm that compresses 

the piGrip® bellows by 34mm.  Another camming profile was created which was utilised 

and uploaded on to the SmartMotor as the original camming profile did not result in the 

output pressure waveform being sufficiently similar to the normal aortic waveform.      

 

Figure 3.22: Drummond's default camming profile Vs. Modified camming profile that was 

uploaded to the SmartMotor™ (MOOG Animatics, United States). 

 

Once all of the hardware components were assembled and the software instructions 

uploaded correctly, testing was performed to ensure proper functionality and reliability 

of the cardiovascular simulation platform.  The testing procedures involved measuring 

the pressure and flow at various points in the phantom aorta and operating the system for 

a long period of time to ensure stability and reliability of the hardware to ensure valid 

results of future experiments could be obtained. 
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3.3  Mould Fabrication  

3.3.1 Phantom Aorta 1 

Creating the phantom aorta using a moulding technique that would be repeatable was 

essential for the reason of assuring multiple moulds could be performed if the first attempt 

resulted in a failure.  The process of moulding the wax core resulted in multiple attempts 

before it was right for the silicone rubber application.  As each attempt of moulding the 

wax core was made, review on why the mould resulted in a failure was examined and 

solutions to improve were implemented.  The first attempt made towards moulding the 

wax core resulted in the wax cooling fast as it was poured in.  This produced non-uniform 

surfaces (ripple like surfaces) and large air pockets which were not desirable for the steps 

that followed.  As a solution, heating up the mould plates before pouring dramatically 

slowed down the cooling of the wax and allowed proper formation of the mould.  The 

demoulding step that followed failed as the wax core broke in large pieces during 

separation of the mould plates.  The cause of the wax core breaking into pieces was the 

result of the wax core sticking to the mould plates.  The material properties of the Mould-

A-Wax® also contributed to the failure because even though the wax itself is hard at room 

temperature, it is also brittle.  In an attempt to avoid the wax core from sticking to the 

mould plates mechanical oil was applied to the mould plates but still resulted in the wax 

sticking to the mould plates.  Further attempts were made using CRC and Vaseline but 

were also unsuccessful.  The solution to the problem was found using a commercial 

mould release agent 227CEE.  The 227CEE was applied to the mould plates on the fifth 

moulding attempt and resulted in the wax core being separable during the separation of 

the mould plates.  During the separation of the mould plates, the wax core was taken out 

but the three branches weren’t strong enough as to hold its form.  The fracture lines that 

occurred during the process of separating the wax core from plate B were present where 

the branches joined the main aorta profile.  These dismounted branches were fixed by 

applying heat to each piece to melt and fuse it to the main aorta profile. 
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The application of the Rebound® 25 silicone rubber encountered no complications but 

once the final layer was cured, the surface of the material was somewhat rough with 

contours formed around some areas as shown in Figure 3.23. This was expected as the 

“brush-on” technique of the Rebound® 25 was adapted and although the 1:1 mixture of 

the Rebound® 25 creates a viscosity that allows the material to be brushable, the 

consistency is quite thick and the material once brushed on would drip due to gravity.  

 

Figure 3.23: Rough surfaces of the phantom aorta occurring at the bottom of the (A): 

descending aorta and the (B): aortic arch. 

 

However, over the duration of the curing time, it would begin to solidify.  The removal 

of the internal wax core produced a smooth internal wall that had no air bubbles.  Visually 

examining at the phantom aorta’s thickness geometry, the thickness was not uniform.  As 

shown in Figure 3.24 the phantom aorta wall was thicker on one side than the other.  This 

thickness variance that occurred from the ascending to the descending part of the phantom 

aorta was the result of using the brush on technique for the Rebound® 25 which makes it 

very difficult to get the exact desired thickness geometry as designed on 3D CAD. 
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Figure 3.24: Thick geometry variances of the phantom aorta.  (A): View of the ascending aorta; 

(B): View from the descending aorta. 

 

The thickness of the ascending part (A) varied from 4 mm to 2 mm, whereas the 

descending part (B) ranged from 5 mm to 2 mm.  The internal lumen diameter of the 

phantom also varied: ascending part (Ø 29 mm to Ø 25 mm), descending part (Ø 27 mm 

to Ø 24 mm). 

 

Figure 3.25: Phantom aorta 1 fabricated using brush-on silicone rubber. 

 

The preliminary testing of the phantom aorta 1 that was performed was to check the 

structural integrity and characteristics when subjected to pressure and flow.  The tests 

used the left ventricular pump mechanism and LabVIEW (National Instruments™, 

United States) software to examine the behaviour of the phantom aorta 1 [67]. The first 

test performed was to check for any leaks.  The phantom aorta 1 was initially filled with 

A B 
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water in the absence of pressure and flow being generated by the left ventricular pump 

mechanism.  No leaks were present under this condition. However, once the left 

ventricular pump mechanism started to operate, leaks were found in the systolic phase 

where peak pressure and flow were experienced inside the phantom aorta.  This peak 

pressure and flow expanded the phantom aorta wall which opened small holes/cuts that 

were present and caused the water to shoot out.  These holes were patched with a small 

batch of Rebound® 25, as the material does bond to already cured surfaces.  Once all the 

holes were patched, more tests were performed to obtain the pressure and flow readings 

inside the phantom aorta.  The initial testing involved measuring the pressure using the 

Freescale™ MPX5100AP sensor.  The Freescale™ MPX5100AP sensor was attached to 

one of the branching arteries.  Initially, the Freescale™ MPX5100AP sensor was 

connected to Drummond’s LabVIEW (National Instruments™, United States) software 

via the National Instrument (NI) Analog/Digital converter where pressure wave was 

obtained.  The LabVIEW (National Instruments™, United States) software provided a 

graphical user interface (GUI) for setting the desired mean pressure, pressure difference 

and the heartbeat.  The software was used to set the conditions for the obtaining the 

pressure that the phantom aorta experiences during the operation of the left ventricle 

pump mechanism.  The pressure was measured under two conditions of operating the left 

ventricular pump mechanism.  The first condition was to operate without the assistance 

of water pump and the second was to operate it with the water pump used to simulate and 

increase the mean aortic pressure to physiological values [67].  The results as shown in 

Table 5, shows the difference in pressure between the two conditions when the phantom 

aorta was tested at 60 bpm.  Moreover, the second test condition result was achieved by 

setting the mean aortic pressure to 80 mmHg on the LabVIEW software. 

Table 5: Aortic pressure results from two testing conditions performed. 

Aortic Pressure Pump Unassisted Pump Assisted 

Systolic Pressure (Psystolic) 80 mmHg 100 mmHg 

Diastolic Pressure (Pdiastolic) 20 mmHg 65 mmHg 
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The pressure test setup involved obtaining the pressure readings by using a pressure 

catheter inserted through one of the branching arteries.  The pressure readings from the 

catheter were coupled to the PowerLab (ADInstruments, Australia) device connected to 

a PC where the pressure readings were visualised on LabChart 8 software.  This testing 

method provides the versatility of being able to measure the pressure inside the phantom 

aorta at different locations. 

The flow rate that the left ventricle pump mechanism produces was obtained using 

COnfidence Flowprobes (Transonic Systems Inc.®, USA) placed in one of the reservoirs 

submerged in water where the end of the phantom aorta was connected to (see Figure 

3.26).  The flow reading obtained during pump assisted operation of the left ventricle 

pump mechanism was 3.2 L/min at the descending aorta.  As observed on the transonic 

flow module, the flow was not constant and would occasionally fluctuate approximately 

±0.3 L/min, possibly as result of flow turbulences present in the reservoir.     

 

Figure 3.26: Location of the flow sensors on Drummonds left ventricle mechanism. 
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3.3.2 Phantom Aorta 2 

The outcome of Johnson’s attempt of modelling the phantom aorta using PDMS was not 

altogether successful.  As documented by Johnson, the first PDMS mould resulted in an 

incomplete filling due to some of the PDMS leaking out at the bottom of the mould during 

the pouring stage – the second batch of PDMS was poured in to fill the mould.  During 

the process of removing the PDMS mould from the mould plates, uneven thickness 

throughout the profile of the aorta resulted in the phantom aorta ripping during the 

separation of the mould plates.  In areas of the phantom aorta 2, the rip was predominant 

along the profile shown in Figure 3.27.  A further problem was encountered when the 

wax core was removed, as since some areas of the phantom aorta was thin, more ruptures 

occurred.  This problem did not occur with the silicone phantom aorta, possibly due to 

the characteristics of the material being more tear resistant than PDMS.  Moreover, the 

PDMS phantom aorta’s wall thickness was thinner than the silicone phantom aorta 1. 

 

Figure 3.27: Phantom aorta 2 using PDMS.  The red circle marks the ripping area due to thin 

wall thickness. 
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In contrast, when using Dragon Skin® 10, during the demoulding process no rips 

occurred, however, a couple of large air bubbles were present as marked in Figure 3.28.    

 

Figure 3.28: Phantom aorta 2 with Dragon Skin® 10 mould with arrows marking the air 

bubbles. 

 

Another problem that occurred that exposed the flaws of the phantom aorta was an 

aneurysm-like effect observed in the descending aorta when the phantom was tested on 

the cardiovascular simulation platform pumping liquids at 60bpm (see Figure 3.29).   

 

Figure 3.29: An aneurysm like effect occurring along the descending aorta. 
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The solution was further patching the phantom aorta 2 at the points at which an aneurysm 

occurred using an additional layer of Dragon Skin® 10, brushed on (see Figure 3.30). 

 

Figure 3.30: Patching points (marked with blue dots) on the phantom aorta 2. 

 

With the addition application of the Dragon Skin® 10, the phantom aorta 2 wall thickness 

was measured near the ends of the phantom aorta 2 to compare the dimension parameters 

with the intended 3D CAD design (see Table 6).  Two areas of the aorta were subjected 

to this measurement – ascending aorta and descending aorta. An ultrasound machine was 

used to measure the wall thickness over a scan area of 30 mm (see Figure 3.31). 

 

Figure 3.31: Aortic wall thickness at the ascending aorta obtained from the ultrasound 

machine. 
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Table 6: Aortic wall thickness comparison between 3D CAD measurement and ultrasound 

measurement. 

Aortic Wall Thickness 
Ascending Aorta (near 

aortic valve) 

Descending Aorta (end of 

the phantom) 

3D CAD Measurement 1.6 mm 1 mm 

Ultrasound Measurement 1.6 mm 1.1 mm 

 

The lumen diameter at the same measuring locations was also obtained and compared to 

the 3D CAD and the ultrasound machine (see Figure 3.32 and Table 7). 

 

Figure 3.32: (A): Diameter at the ascending aorta. (B:) Diameter of the descending aorta. 

 

Table 7: Aortic lumen diameter comparison between 3D CAD measurement and ultrasound 

measurement. 

Aortic lumen diameter 
Ascending Aorta (near 

aortic valve) 

Descending Aorta (end of 

the phantom) 

3D CAD Measurement 23.4 mm 19 mm 

Ultrasound Measurement 22.5 mm 21.4 mm 
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The elasticity and Young’s modulus was also obtained from the phantom aorta 2 made 

from Dragon Skin® 10 using a tensile test.  With the same testing technique documented 

by Johnson [93], a ring sample of the Dragon Skin® 10 was moulded and tested on the 

Texture Analyzer (TA.XT+, UK ) under stretching.  The test stretched the Dragon Skin® 

10 ring sample over 35 mm at 0.5 mm/sec and a force over distance profile was obtained 

(see Figure 3.33).   

  

 

Figure 3.33: Distance vs. force profile of the Dragon Skin® 10 ring sample. 
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The force and distance profile was then converted to stress over strain (see Figure 3.34) 

from which the Young’s modulus was calculated.  For the conversion from force to stress, 

Equation 3.1 was used:

 

𝑆𝑡𝑟𝑒𝑠𝑠 =  𝐹𝑜𝑟𝑐𝑒/𝐴𝑟𝑒𝑎 

𝜎 =  𝐹/𝐴 

𝑆𝑡𝑟𝑒𝑠𝑠 =  
 1

(2 × 4 ×4) × 1000000)
 

𝑆𝑡𝑟𝑒𝑠𝑠 =  31,250 𝑃𝑎 

 

Equation 3.1 

As for the distance to strain, Equation 3.2 was used: 

 

𝑆𝑡𝑟𝑎𝑖𝑛 =  
𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
 

𝜀 =  
∆𝑙

𝑙
 

𝜀 =  
27𝑚𝑚

53𝑚𝑚
 

𝜀  =  0.5094 

 

Equation 3.2 
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Figure 3.34: Strain vs. stress profile of the Dragon Skin® 10 ring sample. 

 

From the given stress and strain values obtained and calculated from the linear part of the 

profile, the Young’s Modulus was calculated using Equation 3.3.  

 

𝑌𝑜𝑢𝑛𝑔′𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =  
 𝑆𝑡𝑟𝑒𝑠𝑠 

 𝑆𝑡𝑟𝑎𝑖𝑛
 

𝐸 =  
𝜎

𝜀
 

𝐸 =  𝐸 =  
50000 − 12200

0.65 − 0.37
 

𝐸 = 0.135 𝑀𝑃𝑎 

Equation 3.3 
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3.3.3 Cardiovascular Simulation Platform 

During the initial testing stage of the phantom aorta’s functionality, the left ventricular 

pump mechanism encountered a major hardware malfunction that resulted in the motor 

that actuates the piston becoming unusable.  The problem was analysed and it was 

concluded that the motor experienced an overcurrent caused by the piston jamming.  A 

voltage shunt was obtained and connected to the motor and power supply as illustrated in 

Figure 3.35, along with a new motor, to prevent reoccurrence of this problem.   

 

Figure 3.35: A 42V 200W shunt for the SmartMotor™ (MOOG Animatics, United States). 

 

Other hardware complications to the left ventricular pump mechanism soon followed, 

including the piston starting to leak caused by a split O-ring (see Figure 3.36).   

 

Figure 3.36: Splitting of the O-ring inside the piston drive of Drummond's left ventricle 

mechanism. 
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This problem caused the piston to jam and irregular actuations caused the overcurrent 

problem to show up again.  With multiple problems occurring to the left ventricular pump 

mechanism, a redesign of the mechanism was undertaken for better reliability and to 

obtain the necessary results needed for validating this research (see Figure 3.37).  The 

redesign has been explained back in section 3.2.5 and a functional platform was achieved 

for which further results were obtained. 

 

Figure 3.37: (A): Drummond's left ventricle mechanism. (B): Redesigned cardiovascular 

simulation platform. 
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The native pressure and flow waveform from the cardiovascular simulation platform were 

acquired using the PowerLab (ADInstruments, USA)  and Transonic flow measurement 

devices.  With pressure catheters’ placed inside the aorta and the flow sensor on the 

exterior of the aorta, the waveforms illustrated in Figure 3.38 were obtained in LabChart 

 

Figure 3.38: Uncalibrated Pressure waveform (shown in red) and Flow waveform (shown in 

blue). 

 

The synthetic capillary bed changed both the pressure and flow waveforms.  As shown in 

Figure 3.39 the implementation of the synthetic capillary reduced the rapid decreasing of 

the diastolic pressure wave when compared with Figure 3.28.  Moreover, the synthetic 

capillary was able to increase the systolic flow wave.  

 

Figure 3.39: The effects to the pressure and flow waveforms with synthetic capillaries 

implemented. (A): Second parabola. 

A 
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Looking at the pressure waveform shown in Figure 3.39, both seem to have a secondary 

parabola during the diastole phase, which is non-physiological.  This secondary parabola 

artefact of the pressure waves was reduced by creating a tapered tube using the same 

material used for the phantom aorta 2 and added to the end of the phantom aorta (see 

Figure 3.40).   

 

Figure 3.40: Reduced secondary parabolic artefact with the attachment of the tapered tube to 

the phantom aorta 2. 

 

Further modifications to the cardiovascular simulation platform were made to refine the 

pressure and flow waveform. As explained above, the SmartMotor™ (MOOG Animatics, 

United States) actuation profile was modified.  With this change the waveform also 

changed and is shown in Figure 3.41  (Real pressure scales shown in Table 8 are reported 

after calibration). 

 

Figure 3.41: Calibrated ascending aortic pressure (red waveform) and descending aortic 

pressure (blue waveform) obtained from LabVIEW (National Instruments™, United States). 
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Table 8: Systolic and diastolic pressure measured at the ascending and descending aorta. 

Aortic Pressure Systolic Pressure Diastolic Pressure 
Mean Arterial 

Pressure 

Ascending Aorta 117 mmHg 75 mmHg 88 mmHg 

Descending Aorta 75 mmHg 39 mmHg 51 mmHg 

 

Knowing the point of measurements of pressure along the phantom aorta 2 and phase 

shift between the two waveforms, a PWV was calculated using Equation 3.4. 

 

PWV = 
∆𝑥

∆𝑡
 

PWV = 0.7 m / 0.16 s 

PWV = 4.375 m/s 

 

Equation 3.4 

This aortic wall displacement was visually observed and was compared to the pressure 

wave shown on the LabVIEW (National Instruments™, United States) to which it can 

point that it is the material related characteristics that’s causing the various parabolas on 

the pressure wave shown previously in Figure 3.41.  To further prove this speculation, 

more tests was performed to remove the unwanted waves by changing the SmartMotor™ 

(MOOG Animatics, United States) actuation wave profile.  The alterations were to change 

the frequency and displacement settings that were programmed into the SmartMotor™ 

(MOOG Animatics, United States) and thus – in relation to physiological terms – modify 

the cardiac cycle and blood volume output.  These settings were in the form of camming 

programming software on SmartMotor™ Interface (SMI) and by changing code that 

represents the displacement/frequency multiplier [67], alterations to the pressure/flow 

wave and the amount of cardiac output was archived.  Based on the technical data, the 

piGrip® bellows has a total volume of 211 cm3 with an effective compressible length of 

73.2 mm and with the displacement length of 30 mm generated by the SmartMotor™ 

(MOOG Animatics, United States), the volume displacement of the liquid was 

approximately 86 cm3 per stroke.  With the SmartMotor™ (MOOG Animatics, United 

States) cycling at 1 second or 60 bpm, the cardiac output was calculated using Equation 

3.5: 
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Stroke Volume (SV) = 86.475 cm3 

(86.475ml) 

Therefore, CO = x HR (bmp) 

Cardiac Output (CO) = 86.475ml x 60 

CO = 5.188 L/min 

 

Equation 3.5 

The initial setting of the SmartMotor™ (MOOG Animatics, United States) represented 60 

bpm that equates to a cardiac cycle of 1 second.  The cardiac cycle was changed to 1.33 

seconds or 45 bpm to make the cardiovascular simulation platform and phantom aorta 2 

operation more stable.  With the change in cardiac cycle, the cardiac output also changed 

to CO = 3.901 L/min at 45 bpm.     

The major instabilities that were present when running at 60 bpm were the following: 

- The ballooning up (an aneurysm like effect) in some areas of the phantom aorta 2 

as a result of the wall thickness being thin and increase in internal pressure. 

- The backflow from reservoir 1 to reservoir 2 – volume flowing into the reservoir 2 

is greater than the volume of liquid flowing out into reservoir 1 caused by leaking 

one-way valves.  

 



 103 

A better approximation of the cardiac output was obtained by testing the cardiovascular 

simulation platform using an ultrasound machine (see Figure 3.42).  The cardiac output 

was measured using the ultrasound transducer with the measuring point at the ascending 

aorta part of the phantom aorta 2.  Under the same testing condition (45 bpm), a good 

pulse wave reading was obtained for determining the measured cardiac cycle (see Figure 

3.43).  The average flow velocity was also measured and the cardiac output was calculated 

(see Equation 3.6 and Equation 3.7). 

 

Figure 3.42: Flow pulse wave measured on the ultrasound machine.  The cardiac cycle 

corresponded to the cycle set on the SmartMotor™ (MOOG Animatics, United States). 

 

 

Figure 3.43: Tracing of the pulse wave to determine the mean flow velocity. 
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Average Velocity (Vavg) = 20.465 cm/s 

Cross sectional area of the ascending 

aorta = 3.976 cm2 

Volume Metric Flow Rate (Q) = Velocity 

(Vavg) x Area (A) 

Q = 20.465 cm/s x 3.976 cm2 

Q = 81.368 cm3/s 

 

Equation 3.6 

 SV = 81.368ml / beat 

Therefore, CO = SV x HR (bmp) 

CO = 81.368 ml x 45 bmp 

CO = 3.661 L/min 

 

Equation 3.7 

3.4 Discussion 

3.4.1 Phantom Aorta 1 

To a significant extent, phantom aorta 1 did follow the desired spline profile designed on 

3D CAD.  However, the aortic thickness was not uniform and varied throughout the 

phantom aorta.  Non-uniform cross-sectional thickness can have an effect on 

hemodynamics due to the fact that a thicker aortic wall thickness can increase pulse wave 

velocity.  Both Gülan et al. and Willemet and Alastruey imply that the aortic wall stiffness 

affects the hemodynamic pressure’s magnitude and velocity as a result of a minimal loss 

in kinetic energy of the waveform [85], [94].  It is noted that the brush-on technique makes 

it difficult to control the thickness when applying the Rebound® 25 that takes 2 hours to 

cure.  This made the outside diameter of the aorta larger than intended but the lumen 

diameter of the aorta was measured to be close to the intended geometry within <2mm.  

The overall length of phantom aorta 1 was also an issue for taking measurements as the 

phantom aorta was physically 215 mm long (aortic arch  to the descending aorta (DA)).  

This length is similar to Savrasov’s et al. work where their phantom had an aortic arch-
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DA length of 256 mm [73] but is short compared to the real aorta.  On a related note, 

Savrasov et al. did also lengthen their arterial model by another ~985 mm that included 

renal arteries and iliac bifurcations that were unified with a connecting bushing.  Having 

a longer aorta makes it easier to obtain pulse wave velocities and pressure/flow waves at 

different locations of the aorta and thus better validation of results when testing the 

PEABC prototypes.  Joining arteries is not ideal as the connection points can create sites 

for wave reflection. 

   

 

Figure 3.44: (A): Phantom aorta developed for this research; (B): Phantom aorta developed by 

Savrasov’s et al. [73]. 

 

When it comes to comparing the phantom aorta with other phantom artery research work, 

silicone has been prominent as the most widely used material for phantom experiments 

[75-76], [88].  Research work that uses PDMS as phantom materials relate to the fact that 

the physiological characteristic is similar. However, as pointed out back in section 3.3.2 

complications were encountered which led to using an alternative phantom material –

Dragon Skin® 10 – for rapid prototyping the phantom aorta.  An alternative material such 

as polyurethane has been used by other researchers [73]. 

Phantom aorta 1 was used for testing the initial operation of the PEABC prototypes and 

was useful for obtaining the preliminary results, shown in Chapter 5.  However, although 

making the phantom aorta 1 have the characteristics similar to a real aorta was desirable, 

it was not that critical for validating the overall outcome of this research. As noted earlier, 

another phantom aorta – the phantom aorta 2 – was connected to the left ventricle pump 

mechanism and used to obtain test results with the PEABC applied externally to it. 

 

A B 
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3.4.2 Phantom Aorta 2 

Comparison was made between the tensile strength of PDMS obtained by Johnson’s work 

and the Dragon Skin® 10.  Johnson performed tensile tests of PDMS by moulding a ring 

and using a TA.XT+ Texture Analyzer (Stable Micro System, UK)) and his results 

suggest that the PDMS can closely mimic actual human aorta when comparing 

biophysical properties.  However, in this study Dragon Skin® 10 was chosen to mould the 

phantom aorta 2, instead of trying to perfect the PDMS mould technique that caused 

problems for Johnson.  Dragon Skin® 10 compared to PDMS has a faster cure time (75 

mins vs. 1440 mins).  Moreover, Dragon Skin® 10 could be applied by injection, pouring 

or brushed on, and could also be cured at room temperature without applying heat which 

aided the process speed of rapid prototyping the phantom aorta.  The grade of Dragon 

Skin® 10 that was selected for this research was also used in the tensile strength evaluation 

by Russ et al. shown in Figure 3.45  Dragon Skin® 10 was utilized as it can be seen to 

have comparable tensile strength to aortic tissue being ~3 MPa vs. ~2.6 MPa [72].    

 

Figure 3.45: Tensile Strength of silicone based material by Smooth-On Inc. in comparison with 

aortic vessel tissue [72]. 

 

In addition, the Young’s modulus of Dragon Skin® 10 obtained through tensile testing 

(0.135 MPa) is comparable to that of Vappou et al.’s Young’s modulus of the aorta (0.108 

MPa ±0.027 MPa) [71].  As shown in Table 9, the Young’s modulus of Dragon Skin® 10 

is actually closer to the biophysical properties of aortic tissue than PDMS with standard 

mix ratios.  Thus Dragon Skin® 10 is suitable for fabricating the phantom aorta 2. 
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Table 9: Table comparing Young’s modulus of studied materials. 

Material Young’s Modulus (MPa) Source 

PDMS 1.68-2.51 Gülan et al. [85] 

Dragon Skin® 10 0.1357 - 

Aorta Tissue 
0.46 

0.108 

Bia et al. [86] 

Vappou et al. [71] 

 

Demoulding, however, proved to be the most difficult part of the fabrication process.  As 

mentioned previously in section 3.3.2, the air bubbles could have been avoided if the 

batch of Dragon Skin® 10 was poured into the mould – following the same technique that 

Johnson performed.  However, this could use up valuable curing time.  Another moulding 

technique that could have been implemented is injection moulding, although this would 

also have required more complicated equipment.  In addition to the moulding 

improvements, a longer phantom incorporating the gradual tapering section added on to 

the original phantom aorta 2 in this research could also change the overall pressure 

waveform by reducing multiple reflection artefacts from the location of the join.   

One can criticise that the overall length of the phantom aorta 2 is also too long for a 

tapering profile i.e. the lumen diameter of the descending aorta should be smaller at length 

700 mm from the aortic root.  Savrasov et al. reported that the lumen diameter at length 

700 mm was approximately 11 mm.  Furthermore, the bifurcation started at length 384 

mm and not 700 mm.  Indeed, the diameter should be around 17.4 mm at length 384 mm 

and not 19 mm at length 700 mm.  Nevertheless, the phantom aorta 2 was able to provide 

a sufficient experimental setup that along with the cardiovascular simulation platform 

was crucial for running experiments with the peristaltic extra-aortic balloon cuff.  

 

3.4.3 Cardiovascular Simulation Platform 

Since the cardiovascular simulation platform is an additional component to this research 

for testing the PEABC prototype, the pressure and flow generated by the platform didn’t 

                                                 

7 Obtained from stress/strain experiment of the Dragon Skin® 10 
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need to exactly match physiological characteristics.  However, achieving repeatable 

results for the validating the PEABC prototype was the main focus.  The decision that 

was made to redesign the left ventricle mechanism of the cardiovascular simulation 

platform was essential as without it, the effects on the hemodynamics could not be 

adequately explored with the PEABC prototype in operation.  Moreover, the 

cardiovascular simulation platform was also required to implement the longer geometries 

of the phantom aorta 2 as it would have otherwise been more difficult for the PEABC to 

be attached to the left ventricle mechanism.   

The pressure waveform results that were obtained from the cardiovascular simulation 

platform did differ with Drummond’s pressure waveform profile [67] which were more 

similar to physiological than the cardiovascular simulation platform.  However, the 

systolic and diastolic pressures that were obtained from the cardiovascular simulation 

platform were closer to physiological than that obtained by Drummond [67].  These 

variances can be explained in several ways: 

 The orientation of the cardiovascular simulation platform affected the valves used 

in the left ventricle pump mechanism, as Drummond’s system was orientated 

vertically.  

 

 The use of a larger and longer phantom changed the site and timing of wave 

reflection. 

 

 Implementation of capillaries increased the mean aortic pressure to physiological 

values. 

 

 The use of a bellows type pump system instead of a piston pump system could 

have changed the turbulence and effectiveness of flow.  

 

With the development of the cardiovascular simulation platform, tweaks were made in an 

attempt to mimic the physiological aortic pressure and flow.  The implementation of the 

tapered tube that was attached to the phantom aorta 2 to improve the pressure waveform 

profile was concluded to reduce the second parabolic artefact but it was still present.  It 

is thought that one cause could be attributed to the material characteristics of the Dragon 
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Skin® 10.  Being more elastic than PDMS (10:1), this allows the phantom aorta 2 to have 

more aortic wall displacement oscillations during the diastolic phase in areas between the 

closed aortic valve and the end of the phantom aorta 2.  Another speculation was that this 

waveform feature was due to the sudden change in lumen diameter and change in material 

properties where the phantom aorta 2 with a lumen Ø25 mm – silicone is connected to a 

polyurethane Ø12 mm hose via a push-in fitting at the end of the phantom aorta 2.  As 

the pulse wave travels down the phantom aorta 2, the wave would hit the junction with 

the terminating fitting creating a large reflective wave that travels back and forth several 

times during the diastole phase.  This situation was also observed in the pulse wave 

simulation software explained in Chapter 4 where a terminal point or large reduction in 

aortic radius can alter the pressure wave due to the propagation of reflected waves.  To 

possibly improve the pressure and flow waveform to point where the waveform can 

represent physiological characteristics, a better tapering of the aortic diameter is 

suggested.  Also, bifurcations added to the phantom aorta recommended in the works of 

Savrasov et al. shown in Figure 3.46 could potentially alter the waveforms. 

 

Figure 3.46: Savrasov et al. abdominal and bifurcations to other arteries phantom [73]. 

 

The variance of pressure and flow waves observed during operation of the cardiovascular 

simulation platform can also be related to many other mechanical properties that could 

possibly affect the hemodynamics within the phantom aorta 2.  The first crucial factor is 

the air bubbles that were present in the cardiovascular simulation platform.  It is known 

in medical studies that air bubbles present in the arteries, also known 

as venous air embolism can change blood pressure and cause disturbance of 

hemodynamics [95].  Air bubbles were present inside the piGrip® bellows and would be 

pushed out of the aortic valve and around the aortic arch section of the phantom.  This 
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reduces the effectiveness of the aortic valve which produced tiny oscillations that 

represent the multiple opening and closing of the prosthetic aortic valve after peak 

systolic pressure.  Air bubbles were also thought to disrupt attempts at measuring flow 

using ultrasound probes near the aortic valve, although results of measurements show 

reasonable agreement between cardiac output calculated from ultrasound measurements, 

using the displacement of the bellows, and physiologically reasonable values.   

Discontinuities could be defined on the cardiovascular simulation platform whereby the 

phantom aorta is connected to the rest of the set up with different materials and thus could 

explain the dissimilar pressure waveforms between physiological and the simulation.      

Another variable that may be the cause of undesired pressure and flow waveform points 

towards an aortic aneurysm link effect that was present at the end of the phantom aorta 2.  

This aortic aneurysm was simply a big bulge that expanded on one side of the phantom 

mainly related to the non-uniform thickness of the phantom aortic wall.  It has been 

observed in the medical study by Swillens et al. [96] that having aortic aneurysm can 

dramatically effect on the pressure waveform, due to pulse wave reflections.  

Nevertheless, the PWV that was obtained from the cardiovascular simulation platform 

when comparing to Vappou et al. study was very similar – 4.3 m/s vs. 4.4 m/s respectively 

– considering that in both cases that the aortic thickness was also similar.  Wall thickness 

of phantom aorta 2 measured using ultrasound was very similar to the designed values.       
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Chapter 4  

Pulse Wave Software Simulation 

Using Matlab® 

4.1 Introduction 

A software simulation of pulse wave propagation in the aorta was created to test the 

concept of applying an external peristaltic motion to a segment of an aortic wall.  The 

peristaltic movement is determined by the cardiac pressure and flow output in 

synchronisation with a counterpulsation system.  Modelling the peristalsis movement to 

efficiently move blood in an aorta requires factoring in the pulse wave produced by the 

heart.  The pulse wave model uses a 1-D wave equation to create a pressure waveform 

that would determine when each air chamber inflate and deflate during a cardiac cycle.  

The simulated pressure and flow wave profiles are then augmented with peristaltic wave 

motion profile to simulate what would happen if a PEABC is applied to the descending 

aorta.  To investigate this concept, a Matlab® (MathWorks®, United States) simulation 

software was written to illustrate how the pulse wave characteristics propagate through 

an aorta.  The data obtain from the simulation will then be utilised for comparison against 

the results obtained from the peristaltic extra-aortic balloon cuff prototype.  The purpose 

of creating a pulse wave simulation for this research is to obtain simulation data that could 

be compared with the experimentation so that any similarities or differences between the 

two can be validated. 

 

4.2 Methodology 

4.2.1 Simulation Overview 

The pulse wave simulation was created and simulated using Matlab® (MathWorks®, 

United States) to illustrate a moving pulse wave in one-dimension (1-D).  The total pulse 

wave propagating through an aortic segment was represented as being composed of 

forward and backwards waves (see Figure 4.1).  Parameters relevant to the simulation 
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include the aorta’s geometry, material properties, boundary conditions and aortic pressure 

wave profile and external peristaltic movement applied to an aortic segment. 

Figure 4.1: 1D wave propagation and boundary conditions used to simulate the pulse wave. 

 

4.2.2 Mathematical Models 

Several mathematical models were used in combination to produce the simulation, which 

is described below.  

4.2.2.1 Modified Pulse Wave Equation 

For this simulation, Moens-Korteweg’s PWV equation was modified to compute the 

pulse wave propagation over the change in aortic radius which in itself is a dynamic 

variable that is used to calculate other simulation parameters such as the area and 

admittance that defines the boundary conditions.   

Referring back to the aortic geometries that were stated in section 3.2.2, the radius 

dimensions in the 3D CAD model of the phantom aorta were utilized to calculate the 

radius difference (𝑑𝑟), radius at initial point (𝑟𝑖) and radius at terminal point (𝑟𝑡) (see 

Equation 4.1) with the consideration of the gradient defined by the length of segment 

(𝑛𝑥).  The time segment (𝑛) is related to the cardiac cycle (T) that is based on the time 

increment (dt) for which dR’s is set over the 𝑛𝑥 and simulation time (𝑛𝑡).  Equation 4.1 

was create to factor the tapering aortic radius profile based on the adaption of Watanabe 

et al.’s change in aortic radius variable [97]. 
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𝑑𝑟 = 𝑟𝑖 − 𝑟𝑡 

𝑔𝑟𝑎𝑑 = 𝑑𝑟/𝑛𝑥 

𝑑𝑅 = (𝑟𝑖 − (𝑛×𝑔𝑟𝑎𝑑)) 

Equation 4.1 

 

Pulse wave velocity is calculated using Equation 4.2  with the variables defined below: 

 𝐸 = 𝑌𝑜𝑢𝑛𝑔′𝑠𝑀𝑜𝑑𝑢𝑙𝑢𝑠  

 𝑑𝑅 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑜𝑟𝑡𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠  

 𝜌 = 𝑅ℎ𝑜  

 𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 

  

 𝑃𝑊𝑉′′ =  √
𝐸ℎ 

2𝑑𝑅𝜌(1 − 𝑣2)
 Equation 4.2 
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4.2.2.2 1-D Wave Propagation Equation 

For the simulation of the forward wave, backwards wave, and the total wave, a wave 

profile had to be defined.  The wave profile considers the time domain, amplitude and 

shape of the pressure waveforms that were simulated (see Figure 4.2).   

 

Figure 4.2: Simple 1D pressure wave based on number of x segments (nx) and time 

 

Suppose that the function 𝑢 (𝑥, 𝑡) represents the amplitude of the pulse wave at position 

𝑥  and time  𝑡 .  For 1-D wave propagation 𝑢  satisfies the differential equation (see 

Equation 4.3, Equation 4.4, Equation 4.5 and Equation 4.6). 

 

 

𝛿2𝑢

𝛿𝑥2
=  

1

𝑐2

𝛿2𝑢

𝛿𝑡2
 

 

Equation 4.3 

 

 

𝛿2𝑢

𝛿𝑥2
=  

1

𝐸ℎ 
2𝑑𝑅𝜌(1 − 𝑣2)

𝛿2𝑢

𝛿𝑡2
 

 

Equation 4.4 
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To adapt the 1-D wave equation for implementation in Matlab, the central finite 

difference update rule was utilised and thus second derivatives were defined for the 

approximation of both x and t: 

 
𝛿2𝑢

𝛿𝑡2
 ≈  

𝑢(𝑥, 𝑡 + ∆𝑡) − 2𝑢(𝑥, 𝑡) + 𝑢(𝑥, 𝑡 − ∆𝑡)

∆𝑡2
 Equation 4.5 

   

 

 
𝛿2𝑢

𝛿𝑡2
 ≈  

𝑢(𝑥, 𝑡 + ∆𝑡) − 2𝑢(𝑥, 𝑡) + 𝑢(𝑥, 𝑡 − ∆𝑡)

∆𝑡2
 Equation 4.6 

 

Using the above approximations, the wave equation can be rewritten as: 

 

𝑢(𝑥, 𝑡 + ∆𝑡) − 2𝑢(𝑥, 𝑡) + 𝑢(𝑥, 𝑡 − ∆𝑡)

∆𝑡2
…

=  𝑐2
𝑢(𝑥 + ∆𝑥, 𝑡) − 2𝑢(𝑥, 𝑡) + 𝑢(𝑥 − ∆𝑥, 𝑡)

∆𝑥2
 

Equation 4.7 

 

 

Note that time (𝑡 + ∆𝑡) represents the next time step, (𝑡 − ∆𝑡) is the previous time step, 

and the t is the current time step.  A similar definition is applicable to 𝑥.  Rearranging the 

equation above to calculate the wave at the next time step gives: 

 

𝑢(𝑥, 𝑡 + ∆𝑡) = 𝑐2(𝑢(𝑥 + ∆𝑥, 𝑡) …

+ 𝑢(𝑥 − ∆𝑥, 𝑡)) …

+ 2(1 − 𝑐2)𝑢(𝑥, 𝑡) …

− 𝑢(𝑥, 𝑡 − ∆𝑡) 

Equation 4.8 
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To define the pressure waveform profile (P) that considers the initial amplitude (A) and 

time period based on T, Equation 4.9  was used in place of the 𝑢 (𝑥, 𝑡) function: 

 𝑃 = 𝐴 sin (
2𝜋

𝑇
) , 0 ≤ 𝑡 ≤ 𝑇/2 Equation 4.9 

 

The 1-D wave profile of all three waves – forward, backwards and total – is represented 

by Equation 4.10, Equation 4.11, and Equation 4.12  respectively, for pressure wave (P).  

This defines P waves to be the following, where f and g are univariate functions: 

 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 = 𝑓(𝑥 + 𝑐𝑡) Equation 4.10 

 𝑃𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 = 𝑓(𝑥 − 𝑐𝑡) Equation 4.11  

 𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑓𝑜𝑟𝑤𝑎𝑟𝑑 +  𝑃𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑  Equation 4.12 

 

4.2.2.3 Boundary Conditions 

The pulse wave simulation involved creating a pulse wave that is produced every cardiac 

cycle (T = 0.8 seconds) as a dynamic boundary condition.  Since the simulation is based 

on a narrowing aorta, coefficients had to be calculated for every segment (𝑛𝑥).  The 

dynamic boundary conditions that make up the aortic segment involved defining the 

length of the aorta, the initial and terminal point boundaries, and the coefficients that 

represent the narrowing of the aortic radius at each 𝑛 segment based on the change in 

PWV.  These boundary conditions specify the behaviour of the pulse wave as they enter 

and exit or reflect within the aorta segment [97].  The equation for defining the 

waveform’s (𝑢) boundary condition is represented by Equation 4.13 (initial boundary) 

and Equation 4.14 (terminal boundary) for which was it was defined on the pulse wave 

simulation for initiating the Matlab® (MathWorks®, United States) software. 

 𝑢(0, 𝑡) = 0 Equation 4.13 

 𝑢(𝑛𝑥, 𝑡) = 0 Equation 4.14 
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Since the descending aorta that is being modelled has a tapered diameter, the pulse wave 

will endure wave reflections at 𝑛𝑥 segment based on the changing in diameter (𝑑𝑥).  It is 

assumed that dx for this simulation is set to 0.1 mm over the 𝑛𝑥  segment and the 

coefficients are defined at every instance of 𝑛𝑥.  The coefficients were calculated for 

forward and backwards waves of the initial, reflective and transmitted waves.  The 

coefficients were calculated based on the admittance (𝑌𝑛) which was derived from the 𝑐 

and cross-sectional area at which the diameter changes over the segment of 𝑛𝑥  (see 

Figure 4.3).   

 

Figure 4.3: Boundary conditions for a tapered aorta. 

 

The calculations for defining reflection coefficients over the phase of current 𝑡 and 𝑛𝑥 

are as follows: 

 𝐴𝑛 = 𝜋(𝑑𝑅2) Equation 4.15 

 𝑌𝑛 =  𝐴𝑛/𝜌𝑐 Equation 4.16 

 

For Reflective Forward Coefficient:   

 𝑃𝑟𝑓𝐶𝑜𝑒(𝑡, 𝑛𝑥) =
(𝑌(𝑡, 𝑛𝑥) − 𝑌(𝑡, 𝑛𝑥 + 1))

(𝑌(𝑡, 𝑛𝑥) + 𝑌(𝑡, 𝑛𝑥 + 1))
 Equation 4.17 
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For Transmitted Forward Coefficient: 

 𝑃𝑡𝑓𝐶𝑜𝑒(𝑡, 𝑛𝑥) =
2(𝑌(𝑡, 𝑛𝑥))

𝑌(𝑡, 𝑛𝑥) + 𝑌(𝑡, 𝑛𝑥 + 1)
 Equation 4.18 

 

For Reflective Backwards Coefficient:  

 𝑃𝑟𝑏𝐶𝑜𝑒(𝑡, 𝑛𝑥) =
(𝑌(𝑡, 𝑛𝑥) − 𝑌(𝑡, 𝑛𝑥 − 1))

(𝑌(𝑡, 𝑛𝑥) + 𝑌(𝑡, 𝑛𝑥 − 1))
 Equation 4.19 

 

For Transmitted Backwards Coefficient: 

 𝑃𝑡𝑏𝐶𝑜𝑒(𝑡, 𝑛𝑥) =
2(𝑌(𝑡, 𝑛𝑥))

𝑌(𝑡, 𝑛𝑥) + 𝑌(𝑡, 𝑛𝑥 − 1)
 Equation 4.20 
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The effects of the waves under the influence of an aortic valve opening and closing during 

a cardiac cycle are defined by changing the boundary condition at the initial point.  This 

is defined as the aortic valve coefficient with the coefficient set to 1 to simulate a closed 

aortic valve for the time of 0.6 seconds.  The aortic valve coefficient affects any reflective 

wave that is travelling left (see Figure 4.4) to reflect back at full size.  For the event that 

the propagating wave reaches the end of the aorta, bifurcation coefficients are assigned 

to allow some waves to continue on and some to reflect back. The bifurcation coefficient 

is applied to the propagating wave at the terminal point, with the coefficient set to 0.5 

[94].  This means that half the amplitude of the wave that’s travelling right is reflected 

back. 

  

 

 

 

 

Figure 4.4: The effects of the initial (blue arrow), reflecting (blue arrow) and transmitting (blue 

arrow) waves travelling through the aorta. 

 

  

AV Opened AV Closed 

𝑛𝑥 𝑛𝑥 

Bifurcation 

Coefficient 



 120 

The propagation of the pulse waves over 𝑛𝑥 and 𝑡 was subjected to the summation of the 

product of coefficients and the other waves that transmit and reflect with the boundary 

conditions that were mentioned.  Referring back to Figure 4.3, the 1-D pressure wave is 

represented by the following: 

 
𝑃𝑓(𝑡 + 1, 𝑛𝑥) = (𝑃𝑓𝐿𝑒𝑓𝑡×𝑇𝑓𝐶𝑜𝑒𝐿𝑒𝑓𝑡) …

+ (𝑃𝑏(𝑡, 𝑛𝑥)×𝑅𝑏𝐶𝑜𝑒𝐿𝑒𝑓𝑡) 
Equation 4.21 

 𝑃𝑏(𝑡 + 1, 𝑛𝑥) = (𝑃𝑏𝑅𝑖𝑔ℎ𝑡×𝑇𝑏𝐶𝑜𝑒𝑅𝑖𝑔ℎ𝑡) …

+ (𝑃𝑓(𝑡, 𝑛𝑥)×𝑅𝑓𝐶𝑜𝑒𝑅𝑖𝑔ℎ𝑡) 

Equation 4.22 

 𝑃𝑡(𝑡 + 1, 𝑛𝑥) = (𝑃𝑓(𝑡, 𝑛𝑥) + 𝑃𝑏(𝑡, 𝑛𝑥)) Equation 4.23 

 

4.2.2.4 Peristalsis and Counterpulsation Augmentation of the Aortic Wall Model  

The peristaltic motion of the aortic wall was represented by changing the aortic radius 

during the simulation.  This direct indentation to the aortic wall from extra-aortic cuff 

would increase the PWV according to the Moens Korteweg’s equation.  However, 

elasticity decreases at low strains, which acts to decrease the PWV.  Overall, the main 

effect on the pulse wave is through changes in reflection coefficients, which are related 

to both PWV and cross-sectional area.  The desired changes in aortic radius due to 

peristalsis were implemented using the following equation (see Equation 4.24).   

 

 
𝐵1(𝑥1, 𝑡1) =  −A  𝑆𝑖𝑛((

2𝜋

1
𝑇

) (𝑡 − 𝑖))

−(((

−𝑛𝑥−𝑙𝑁
𝑁
40

)))

6

, 0 ≤ 𝑡 ≤ 𝑇/2 

  Equation 4.24 
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Referring to Equation 4.24, 𝑖 is a phase delay from the start of the cardiac cycle and 𝑙 is 

the inflation location along the direction 𝑛𝑥.  Four cuff wave equations were derived with 

different inflation time and inflation location to create the peristalsis motion along the 

aortic wall (see Figure 4.5). 

 

Figure 4.5: Balloon cuff augmentation location along the aortic wall. 

 

The inflation and deflation timing of balloon cuff waves were specified to perform a 

peristaltic motion to the aortic wall – changing the aortic wall radius at different locations 

(𝑥1−4) and times (𝑡1−4).  An example of the timing of inflation of the four cuffs is 

represented in Figure 4.6. 

 

 

 

 

 

 

 

Figure 4.6: Four cuff wave profile at different location (𝑛𝑥) and time (𝑛𝑡).   
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4.2.3 Pulse Wave Simulation Development on Matlab® 

The first stage of developing the software simulation was setting up the parameters for 

obtaining the change in PWV along the segment of aorta.  These include defining 

parameters for Moens Korteweg’s equation, initial boundary conditions, time and length 

constraints for the simulation and the initial waveform for both pressure and flow.  It is 

then followed by a series of calculations that calculate the difference in aortic radius (𝑑𝑅), 

PWV (𝑐), cross-sectional area (𝐴) and admittance (𝑌) over a table of 𝑡 and 𝑛𝑥.  The 

inflation time and location variables for modeling the peristaltic movement to the aortic 

wall is also defined in the initialization part of the software.   

The next set of software instructions performs the calculations for forward wave 

coefficients of reflecting and transmitting waves.  This is followed by a similar calculation 

of the backwards wave coefficients of both reflecting and transmitting waves.  The 

peristaltic movement is also calculated in the same loop.  The final set of calculations is 

performed to calculated the three waves – forward, backwards, and transmitting –  for 

both pressure and flow based.  All of the waveforms are then plotted on multiple figures.  

The following diagram (see Figure 4.7) illustrates this process.   

 

Figure 4.7: Structure diagram of the pulse wave simulation on the Matlab® (MathWorks®, 

United States) software. 

 

Boundary conditions for the overall simulation were calculated and these include the 

following: 

- Input pressure waveform. 

- Reflection coefficients representing the aortic valve and aortic bifurcation. 
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- Tapering profile of the aorta based on the change of the aortic radius. 

- Time and aortic segment constraints. 

- Initial and termination boundaries. 

- Location of the cuff waveform. 

- Pulse wave velocity. 

 

4.3 Results 

A set of tests was performed on the pulse wave simulation to see if the propagation of the 

pulse wave would create a pressure wave that is similar to that of pressure inside a human 

aorta.  The second set of tests was performed to observe the behaviour of the pressure 

wave when an external peristaltic movement is introduced.  Comparison between these 

two sets of data clarifies the initial feasibility of the concept.  Moreover, these sets of data 

would also be compared to the data obtained from the cardiovascular simulation platform, 

which is discussed in Chapter 7.   

 

4.3.1 Initial and Normal Condition Test Results 

Figure 4.8 shows the linear decrease in aortic radius along its length at initial conditions.  

The initial radius and terminal radius values used in the simulation are taken from the 

measurement of the phantom aorta 2. 

 

Figure 4.8: Change in aortic radius over the aortic segment. 
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Calculated PWV under initial conditions is shown in Figure 4.9.  It was observed that 

changes in 𝑐 along the length of the aorta increases as the aorta radius gets smaller.  It 

was also observed that an increase in aortic thickness increases 𝑐. 

 

Figure 4.9: Calculated pulse wave velocity along the aortic segment. 
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The propagation of the input, forward and backwards pressure waves along the length of 

the aorta were examined.  The systolic time (with the aortic valve open) was set to 0.3 

seconds. Backwards waves that were propagating towards the valve did not experience 

reflection during this time. However, when the aortic valve is closed for 0.5 seconds, any 

waves propagating towards the valve would experience a reflection.  The aortic valve 

reflection coefficient profile is represented in Figure 4.10.   

 

Figure 4.10: Aortic valve opening and closing coefficient waveform 

 

  

Aortic valve fully open 

Aortic valve fully closed 
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The forwards, reflecting and total waveforms were also observed at the terminal point 

where bifurcation occurs.  As shown in Figure 4.11, the incident wave resulted in the 

reflecting wave amplitude with a positive reflection being halved due to the fact that the 

bifurcation reflection coefficient was set at 0.5.  

 

Figure 4.11: Three pulse waves simulated along the aortic segment after 1.1 seconds. 
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As for the total waveform, the wave is simply the sum of the forward waveform and the 

reflecting waveform (see Figure 4.12). 

 

Figure 4.12: Three pulse waves simulated along the aortic segment after 2.1 sec. 
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With the waves propagating through a narrowing aortic radius with a uniform aortic 

thickness, the forward wave’s amplitude was observed to increase over the aortic length 

whereas the reflected wave’s amplitude decreased.  It was also observed in the 

propagation simulation, as expected, that small reflection waves occurred at the 

boundaries of each x-segment.  After an elapsed simulation time of 10 seconds, the total 

pressure waveform at the beginning of the aortic length is shown in Figure 4.13.   

 

Figure 4.13: Total pressure simulated for 10 sec. 
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Figure 4.14 represents the same wave propagation simulation that was performed but also 

shows behaviour along the aorta (pressure, time and x-segment).  Looking at both Figure 

4.13 and Figure 4.14, the pressure wave is perceived to stabilise after 4 seconds has 

elapsed from the start of the simulation.  Another aspect of analysing the total pressure 

waveform is the wave shape itself.  Although the initial pressure wave peak amplitude 

was set at 80 mmHg, this increases to a stable peak systolic pressure of 117 mmHg and a 

diastolic pressure of 64 mmHg over the 4 sec due to the mechanism of wave reflection. 

 

Figure 4.14: Total pressure wave represented in a 3D based on the amplitude, time and aortic 

segment. 
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Looking at Figure 4.15 the systolic pressure wave profile is affected by the opening and 

closing of the aortic valve.  During systole, the pressure was observed to rise as normal.  

During diastole, the pressure drops but a secondary wave hump was present for 

approximately 0.2 seconds before dropping down to minimal diastolic pressure. 

 

Figure 4.15:  Relationship between the pressure waveform and aortic valve opening and 

closing. 
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One physiological explanation for this is the effect of aortic valve closure, also known as 

a dicrotic notch.  In physiological terms, a dicrotic notch is a small descending inflection 

in the arterial pulse/pressure waveform that occurs immediately after the closure of the 

aortic valve and is used as a marker for the  systolic phase.  This reason was validated by 

altering the aortic valve closure coefficient in the simulation.  Reducing the coefficient 

factor from 1 to 0.8 had the effect of reducing the dicrotic notch (see Figure 4.16). 

 

Figure 4.16: The effects of reducing the aortic valve coefficient on the total pressure wave. (A): 

AV coefficient set to 1. (B): AV coefficient set to 0.8). 

 

4.3.2 Peristaltic Application Condition Test 

Once the simulation was established to produce an aortic pressure waveform with features 

of a physiological waveform, the implementation of an external peristaltic movement 

applied to the aortic wall was added to the simulation to simulate the operation of the 

PEABC prototype.  The simulation accounts for the location of the PEABC along the 

aortic length, the time at which each balloon is inflated and deflated, and the change in 

artery radius when PEABC is operation.  Changes in wall stiffness or thickness were not 

accounted for as further work is required to factor in these variables.  The balloon inflation 

profile was represented over the time, inflation amplitude and location (shown in Figure 

4.17). 

AV Coefficient = 1 AV Coefficient = 0.8 
A B 
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Figure 4.17: Balloon 1 inflation profile. 
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As shown in Figure 4.18, B1 was activated 0.1 sec directly after systole to imitate 

counterpulsation with a peak indentation of 5 mm to the aortic radius.   

 

Figure 4.18: Balloon indentation over timing profile. 

The deflation of B1 then occurs 0.3 seconds after it was activated.  No aortic radius 

augmentation from B1 occurred after 0.5 sec. The time for each balloon to inflate and 

deflate was 0.4 seconds.  The second balloon (B2) had a different start time where a small 

time delay of 0.05 sec phased after B1’s activation, however the duration of the inflation 

and deflation is identical.  The third and fourth balloons (B3, B4), both subjected to the 

same time delay with B3 activated after B2, and B4 activated after B3.  The centres of 

each balloon were: B1 set at 15 mm (the start of the aortic length), B2 was located at 35 

mm, B3 was at 55 mm and B4 was at 75 mm.  The position gap between each balloon 

position of 20 mm matched the fabricated peristaltic balloon cuff described in Chapter 5, 

section 5.2.2. 
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The aortic radius changes over both time and distance along the aorta as each cuff balloon 

is activated.  This changes the PWV and reflection and transmission coefficients in the 

affected segments.  It is shown in Figure 4.19 that the PWV increases at the location of 

the inflated cuff balloons.     

 

Figure 4.19: The effects of PWV along the aortic segment with and without the balloons 

inflating and deflating. 
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In the simulation, each balloon cuff was observed to alter the forward, backwards and 

total waves during the inflation of each balloon cuff.  Looking at Figure 4.21, which 

shows pressures after 42 time steps (0.42 seconds), it can be seen that there is a reduction 

of the backwards wave’s amplitude and an increase in the forward wave’s amplitude 

around the segment of the first balloon cuff. 

 

Figure 4.20: The forward (blue), backwards (red) and total (green) pressure waveform. 
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Figure 4.21: The forward (blue), backwards (red) and total (green) pressure waveform with 

balloon cuff inflation. 

 

Continuing the simulation time over 10sec shows other differences.  Figure 4.22 and 

Figure 4.23 show that the augmentation of the balloon cuff changes the peak dicrotic 

notch pressure to increase from 88.23 mmHg to 92.63 mmHg (Δ4.4 mmHg).  However, 

both peak systolic pressure and end-diastolic pressure were essentially unchanged.  The 

peak systolic pressure was reduced by 0.95 mmHg and the end-diastolic pressure was 

reduced by 1.59 mmHg as a result of balloon cuff augmentation. 
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Figure 4.22: Total pressure waveform simulated for 10 seconds without balloon cuff 

augmentation. 

 

 

Figure 4.23: Total pressure waveform simulated for 10 seconds with balloon cuff augmentation. 
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The timing and location of the balloon cuff and the amount of aortic radius augmentation 

produced by the balloon cuff was explored to see the effects of the total pressure wave.  

Altering the time between each balloon inflation (from 0.05 seconds delay between the 

inflation of each balloon to a 0.10 seconds delay) produced the results shown in Figure 

4.24.  Examining the two waves on the same figure closely shows a small increase in both 

peak systolic pressure (Δ1 mmHg) and the end-diastolic pressure (Δ1 mmHg).  

 

Figure 4.24:The effects on the total pressure waveform of altering the time between each 

balloon inflation waveform 0.05 seconds to 0.10 seconds.  
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Figure 4.25: The effects on the total pressure waveform by changing the balloon cuff location.  
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Shifting the balloon cuff down the aorta by 85 mm (location 2) dramatically decreases 

the dicrotic notch pressure (see Figure 4.25).  With the decrease in the dicrotic notch, the 

end-diastolic pressure also decreased by 6.79 mmHg (33.92 mmHg at location 1; 27.13 

mmHg at location 2).   

An increase and reduction of the indentation of the aorta of 1mm were simulated using 

the standard inflation and the location of the balloon cuff (location 1).  Figure 4.26 shows 

that increasing the balloon inflation profile directly increases the dicrotic notch pressure 

by 1.52 mmHg and decreasing the balloon inflation profile directly decreases the dicrotic 

notch pressure by 1.78 mmHg. 

 

Figure 4.26: The effects on the total pressure waveform by increasing the amplitude profile of 

the balloon cuff.  
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The pulse wave simulation was adapted using parameters from the cardiovascular 

simulation platform that included the following alterations: 

- Aortic radius tapering profile (larger tapering gradient) 

- Length of the aorta (increased from 550 mm to 700 mm) 

- The duration of the cardiac cycle (from 0.8 seconds to 2 seconds)  

The parameters listed above dramatically change the shape of the pressure waveform 

without balloon augmentation (see Figure 4.27).  This was done for the purpose of 

comparing the results from the numerical simulation with the results obtained from the 

cardiovascular simulation platform experiment – later presented and discussed in Chapter 

6 and Chapter 7.  Furthermore, cuff augmentation also produces dramatic changes in 

overall wave shape as can be seen in Figure 4.27.   

 

Figure 4.27: Comparison between normal (no augmentation) and augmented (peristaltic) total 

pressure waveform with a cardiac cycle of 2 seconds simulated for 15 seconds. 
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Table 10: Key pressure readings of normal and augmented conditions obtained from the pulse 

wave simulation shown in Figure 4.27. 

Total Pressure Normal Pressure Augmented Pressure 

Peak Pressure 121.2 mmHg 114 mmHg 

End Diastolic Pressure 42.1 mmHg 48.8 mmHg 

 

Non-peristaltic augmentation was also compared with peristaltic augmentation.  As 

shown in Figure 4.28 the characteristic differences on the pressure waveform are minimal.  

 

Figure 4.28: Comparison between non-peristaltic and peristaltic augmentation of the total 

pressure waveform with 2 seconds for the cardiac cycle. 
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4.4 Discussion 

The pulse wave simulation created for this research was used to understand how a 

peristaltic augmentation can change the pressure waveform profile.  The use of a modified 

Moens Korteweg’s equation for calculating the PWV was adapted to simulate a speed at 

which the 1-D wave travels along the aorta.  The PWV that was calculated using Moens 

Korteweg’s equation were in the physiological PWV range that was obtained by London 

and Pannier [68].  The small increase of the PWV along the narrowing aorta also agrees 

with Moens Korteweg’s equation – a narrowing aortic radius results in an increase in 

PWV.  This meant that the PWV started at 6.25 m/s at the start of the aorta and increased 

to 7.63 m/s at the end.  In relation to computational results by Fukui et al., their 

computational simulation PWV result – obtained over a length of 1 meter – conclude that 

the PWV values were not constant but varied around 10% when compared to Moens 

Korteweg’s calculation.  Their PWV computation was, however, based on a uniform 

radius boundary condition and did not have a tapering radius boundary condition which 

may explain the differences in PWV results.  In comparison to physiological studies [71-

72], the variance in patient’s PWV is affected by the individual geometry of the aorta that 

associates to the gender and age of the patient, and the dissimilar methodologies that were 

performed to measure the PWV.  However, the PWV values found for this research’s 

simulation are somewhat similar to the mentioned studies.   

The pulse wave that was created from simulation shared some features with real 

waveforms obtained experimentally.  These include the pressure augmentation as a result 

of an incident wave propagating through the aorta and hitting a terminating point, which 

is agreed with Watanabe et al. [97].   

Table 11: Arterial pressure comparison between physiological and pulse wave simulation data. 

Aortic Pressure Systolic Pressure Diastolic Pressure 
Mean Arterial 

Pressure 

Physiological Data <120 mmHg <80 mmHg <93 mmHg 

Simulation Data ~92.63 mmHg ~35.51 mmHg ~55 mmHg 

 

The aortic pressures from the simulation are noted to be on the low side compared to 

physiological data [63], [66] (see Table 11).  This could be the result of the amplitude of 

the incident wave (which was 80 mmHg) – whereas actual left ventricular pressures 
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follow the aortic systolic pressure, and also the cardiac cycle time.  The range of 

physiological pressures, in any case, is very wide.   

In terms of the characteristic shape of the pressure waveform, the implementation of the 

opening and closing of the aortic valve boundary condition introduces a dicrotic notch 

which corresponds to physiological waveforms.  With the aortic valve factor that was 

experimented with, the timing of the opening and closing was concluded to be a crucial 

part of simulating the pressure waveform as it can affect the reflected pressure waveform 

and thus change the total pressure waveform. 

When it comes to augmenting the pressure waveform with an external peristaltic 

movement, the parameters that were chosen for the simulation had small effects on 

augmenting the total pressure waveform.  This small augmentation that was based on 

realistic parameters – balloon size, augmentation profile (aortic wall indentation) and 

balloon’s inflation/deflation timing – may have contributed to the limitation of pressure 

augmentation. 

With the alterations to the pulse wave simulation’s cardiac cycle from 0.8 seconds to 2 

seconds, the normal total pressure waveform significantly changed and larger diastolic 

augmentation to the total pressure waveform was found.  The other test condition – non-

peristaltic and peristaltic augmentation – resulted in similar waveform profiles although 

some differences were observed.  One of the key differences was that the diastolic 

pressure is higher due to non-peristaltic augmentation when compared to peristaltic 

augmentation.  These simulation results are supported by experimentation involving the 

operations of the PEABC prototype tested with the same conditions.  

The idea of applying an external peristalsis to augment pressure waveforms is a novel 

study, and cannot be validated fully against literature.  Further validations of the pulse 

wave simulation against experimentation data from the PEABC prototype is given in 

Chapter 7. 
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Chapter 5  

Peristaltic Extra-Aortic Balloon 

Cuff Prototype 

5.1 Introduction 

In this chapter, the development of a Peristaltic Extra-Aortic Cuff device or PEABC 

device is described.  The PEABC device is designed to change the pressure and flow 

waveform in the aorta during the cardiac cycle by externally compressing the aorta.  The 

PEABC system is similar to that of the C-Pulse® system by Sunshine Heart [38] however 

it is not designed to be ready for clinical trials, but instead to investigate the concept of 

the device. 

  

5.2 Methodology 

5.2.1 System Operation Design 

The device is made up of three major hardware components: peristaltic balloon cuff, 

pneumatic cuff driver and the controller.  The development of all components was 

performed concurrently with the design of each was dependent on the other.  For instance, 

the peristaltic balloon cuff inflation volume was dependent on the volume output by the 

pneumatic cuff driver, and the control procedure needed to inflate the peristaltic balloon 

cuff via the cuff driver was based on software and hardware features (see Figure 5.1).    

 

 

 

 

  

Figure 5.1: System Operation Diagram 
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5.2.2 Peristatic Balloon Cuff 

 

Figure 5.2: Peristaltic balloon cuff component. 

 

The peristaltic balloon cuff contains no electronics (see Figure 5.2). It is attached to the 

descending aorta and consists of four separate air chambers that are inflated and deflated 

by the pneumatic cuff driver via an air hose.  The composition of the balloon cuff is made 

up of two layers with the outer layer made from textile and the inner made from silicone 

rubber that fits both phantom aorta 1 and 2.  The peristaltic balloon cuff when in 

operation, produces 4 independent radial-aortic wall indentations with or without 

peristaltic wave motion similar to the wave motion simulated on the pulse wave software.   
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5.2.2.1 Design Overview 

Using the 3D CAD model of the phantom aorta 1 as a template, the balloon cuff was also 

designed and implemented on CAD.  The overall size of the peristaltic balloon cuff was 

based on the size of the outer layer which wrapped around the phantom aorta with a small 

overlap.  Firmly wrapping the peristaltic balloon cuff around the phantom aorta provides 

constriction of the peristaltic balloon cuff inflation and consequently can deliver more 

aortic wall indentation (see Figure 5.3). 

 

Figure 5.3: 3D CAD model of the peristaltic balloon cuff wrapped around the descending aorta 

phantom 1. 
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The balloon cuff was designed in two layers such that the outer layer restricts the outward 

expansion of the silicone bladder.  This constrains the air chambers to inflate inwards and 

thus generates more aortic wall indentation.   

The material that was chosen for the outer layer is Pemotex fabric, which when knitted 

using the interlocking method produces a piece of fabric sheet with minimal stretchability 

but good flexibility.   

The inner layer material is made from Rebound® 25 – the same material used for phantom 

aorta 1.  This silicone rubber layer is manufactured with 4 air chambers with air hoses 

connected to each of them to allow air flow in and out of the chamber.  Furthermore, the 

silicone rubber is manufactured to have the side that is in contact to the phantom aorta 

much thinner than the side that is fused with the Pemotex fabric (Figure 5.4) to better 

indent the aorta when inflate.   

 

 

Figure 5.4: Peristaltic balloon cuff layers. 
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Figure 5.5 illustrates the cuff concept with a single-bladder cuff attached to a 30 ml 

syringe in place around a mock descending aorta. 

 

Figure 5.5: First prototype; syringe used to inflate and deflate a single balloon made from 

silicone rubber and fabric. 
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5.2.2.2 Manufacturing Process 

A single 105 mm x 22 mm x 2.5 mm balloon cuff prototype was manufactured and tested.  

When wrapped and restrained with zip ties around the 3D printed descending aorta and 

then inflated using a syringe, the cuff expanded outwards significantly.  Its profile 

expanded in height to 10 mm which equates to 7.5 mm of inflation height profile (see 

Figure 5.6 and Figure 5.7).  This is considered a “worst case” scenario as the 3D printed 

aorta had a solid aortic wall and was not flexible, corresponding to an aortic wall with 

high stiffness. 

 

Figure 5.6: Deflated singular balloon prototype. 

 

 

Figure 5.7: Inflated singular balloon prototype. 

A textile layer was added in an attempt to restrain the outward inflation profile but as 

observed in Figure 5.8, when using a stretchable fabric, did not restrict the outward 

inflation profile.  In contrast, a Velcro strap around the cuff was effective as most of the 

inflation profile was observably greater towards the inner side of the balloon (see Figure 

5.9). 
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Figure 5.8: The result of the outer layer which resulted in an outward inflated profile when a 

stretchable fabric was used. 

 

 

Figure 5.9: The use of a Velcro strap restricted the outward inflation profile. 
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The silicone rubber balloon layer of the cuff was manufactured first, followed by 

fabrication of the Pemotex layer.  The first task was to mould two rectangular 150 mm x 

100 mm sheets of Rebound® 25 silicone rubber.  The same mixing ratio used for making 

the aorta phantom 1 (1A:1B) was used for both sheets.  The peristaltic balloon cuff layers 

were formed on a rotating mould template as shown in Figure 5.10.  The cylindrical form 

minimises the creasing of the balloon when inflated around the phantom aorta 1.  Rotating 

the mould at approximately 50 RPM was found to ensure even distribution and thickness 

during curing and eliminates dripping.  

 

Figure 5.10: Template/setup for the moulding of the peristaltic balloon cuff. 

 

The first layer of the application was the thinner layer.  As shown in Figure 5.11, a small 

amount of Rebound® 25 was applied to the rotating mould plate to just cover the template.  

 

Figure 5.11: Moulding of the first layer of the balloon cuff on a rotating drill. 

This mould was left to cure for 2 hours and preparation was performed for the second 

application.  Four air chambers that make up the peristaltic balloon cuff were formed 

using 110 mm x 12 mm x 1 mm strips made from duct tape to separate the first layer from 

the second (see Figure 5.12). These separator strips were positioned evenly across the 

surface area of the first layer. 
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\ 

 

Figure 5.12: Separator strips applied onto the first silicone layer. (A): Silicone mould. (B): 

Duct tape separator strips. 

 

 

Figure 5.13: Application of the second layer of silicone. 

The thicker outer layer was then applied on top of the first layer and the separator strips, 

with the mould template rotating at approximately 55 RPM and left to cure for another 2 

hours.  The mould was then separated from the moulding template by straight line incision 

across the mould from one end to the other.   

A 

B 
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Figure 5.14: Removal of the cured peristaltic balloon cuff from the moulding template. 

 

The separator strips were then removed from the mould and the four IV extension air 

hoses (84 cm long with 1 ml tube volume and Luer – Lock fittings) were inserted into 

each of the air chambers.  The ends were then air tight sealed with marine silicone and 

left to cure for 24 hours.   

Checks were performed to ensure that no air could leak out during inflation of the balloon 

cuff.  Any air leaks that was present were patched with marine silicon.  The final step in 

making the balloon cuff was to fabricate the Pemotex layer and attach it to the Rebound® 

25 layer.  The Pemotex layer was fabricated by AUT Textile and Design department.  A 

simple template with specific design aspects – design footprint and material type –  was 

provided to them for manufacturing.   

 

Figure 5.15: Pemotex kitted with interlocking technique. 
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The template was simply a 150 mm by 100 mm paper sheet that was utilised as a footprint 

for the knitting software used to integrate the knitting process instructions on the knitting 

machine.  In order for the Pemotex yarn to provide minimal stretchability when knitted 

and have ridged fabric properties, the interlocking knitting technique was used.  The 

knitted Pemotex layer was then attached to the Rebound® 25 by the centre to centre 

alignment using some adhesives applied to both layers.  Since the Rebound® 25 was 

moulded with a cylindrical mould template, the layer itself naturally curves when the 

material is in an unstressed state. Thus, the two layers were joined while wrapped around 

the moulding template.  The adhesive took approximately 5 to 10 min to cure after which 

it was taken off the mould template and testing was performed to check for air leaks and 

functionality (see Figure 5.16 and Figure 5.17). 

 

Figure 5.16: Pemotex fabric layer being fused with the silicone layer on the cylindrical mould 

template. 

 

 

Figure 5.17: Peristaltic balloon cuff, once removed from the cylindrical mould template. 
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With the successful fabrication of the singular balloon cuff, Pemotex fabric was used as 

an outer layer to aid the effectiveness of the four-chamber peristaltic balloon cuff (see 

Figure 5.18). 

 

Figure 5.18: (A): Deflated peristaltic balloon cuff fabricated. (B): Inflated peristaltic balloon 

cuff fabricated.  

 

Moulding the silicone rubber layers on a cylinder template and fabricating the Pemotex 

layer to the silicone rubber layer on a curved surface allowed the peristaltic balloon cuff 

to have minimal creasing when wrapped around the aorta when inflated (see Figure 5.19). 

 

Figure 5.19: Peristaltic balloon cuff inflated with minimal creasing when in a wrapped 

formation. 

A B 
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5.2.3 Pneumatic Cuff Driver 

 

Figure 5.20: Pneumatic cuff driver component. 

 

The pneumatic cuff driver component shown in Figure 5.20 physically inflates and 

deflates the peristaltic balloon cuff.  To drive the four air chambers separately, four units 

are controlled individually to drive air in and draw out air when attached to the peristaltic 

balloon cuff via the air hose. 

  

5.2.3.1 Design Overview 

The inflation and deflation of each air chamber are driven by a stepper motor linear 

actuator that compresses and decompress a bellows which recycles air in and out of the 

air chambers.  

 

5.2.3.2 Linear Actuator 

The linear actuator is a Haydon & Kerk 57000 series size 23 captive stepper motor that 

has a stroke length of 38.1 mm with the linear travel of 0.0508 mm/step.  The linear 

actuator is operated via a bipolar 4 wire system connected to the motor driver.  This linear 

actuator was selected as it was suited to fully compress the air bellows (described in 

section 5.2.3.4) and perform adequate inflation and deflation timing sequence base on a 
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typical cardiac cycle (0.8 seconds to 1 seconds).  The required performance (20 N force 

based on the required velocity with a safety factor of 3, and balloon cuff under the aortic 

pressure of 120 mmHg) is illustrated with a blue dot on Figure 5.21.     

 

Figure 5.21: Stepper motor’s force vs. linear velocity profile. 

 

Table 12: List of constraints and parameters used for sizing the correct stepper motor. 

   

 

 

 

 

 

 

  

Constraints and Parameters Value Units 

Bellows Diameter 40 mm 

Bellows Area 1256.64 mm2 

Required Displaced Volume 10000 mm3 

Required Stroke 7.95775 mm 

Pressure (mmHg) 120 mmHg 

Pressure (Pa) 15960 Pa 

Force 20.0559 N 

Velocity factor of safety 3 Units 

Velocity 59.6831 mm/s 

Power 1.197 W 

Step size 0.0508 mm/step 

Required step rate 1174.86 steps/second 
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5.2.3.3 Motor Driver 

The motor driver is an electronic circuit that is used to take power and control signal from 

the cuff controller to produce the necessary signal to drive the linear actuator.  This motor 

driver shown in Figure 5.22 is called the Big Easy Driver (BED) which uses an Allegro 

A4988 driver chip to step the 2A bipolar stepper motor linear actuator. 

 

Figure 5.22: (A): Schematic of the BED. (B): Physical PCB of the BED. 

 

The BED is connected to 4 wires of the linear actuator labelled A+, A-, B+ and B-.  The 

stepper motor uses a bipolar 4 wire system shown in Figure 5.23.  The bipolar system 

uses built-in H-bridge circuit to reverse the current flow through phases such that when 

the phases are energised with alternating polarity, the internal 2 groups of coils turn the 

motor.   

 

Figure 5.23: Wiring of the stepper motor to the BED. 

A B 
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Other connections to the BED were power (M+), ground (GND), microstep settings 

(MS1, MS2, and MS3), direction input (DIR) and step input (STEP).  All of these pins 

were connected to the cuff controller powered by Arduino Mega 2560.  The M+/GND 

pin draws 12 VDC from the Arduino Mega 2560 which was used to power both the BED 

and the stepper motor.  The DIR pin is used to control the direction of the step instructed 

by the software in Arduino.  When the DIR pin is set high, the stepper motor will step in 

a counter-clockwise rotation, and when set low, the stepper motor will step in a clockwise 

rotation.  A rising edge of the STEP signal sent from the Arduino results in one step 

(linear moment of 0.0508 mm).  Moreover, the rising and falling STEP signal must be 

high and low for 1s respectively, for proper functionality.  The pins MS1, MS2, and 

MS3 are used for microstepping the stepper motor which can be configured using Table 

13.  The microstepping configuration setting that was chosen for the stepper motor is also 

highlighted in Table 13.  Pins were directly pulled down to ground with a wire and not 

via software instructions from the Arduino.  All of the other pins were not necessary for 

connection and were left unused.   

Table 13: Microstepping function set on the BED MS1, MS2, and MS3 Pins. 

MS1 MS2 MS3 
Microstep 

Resolution 

Excitation 

Mode 

Low Low Low Full Step 2 Phase 

High Low Low Half Step 1-2 Phase 

Low High Low Quarter Step W 1-2 Phase 

High High Low Either Step 2W 1-2 Phase 

High High High Sixteenth Step 4W 1-2 Phase 
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5.2.3.4 Air Bellows 

The air bellows obtained from Festo is a mechanical element of the pneumatic cuff driver 

that accommodates most of the air volume displacement.  It is fundamentally a 40 mm 

silicone suction cup bellows with 3.5 convolutions (see Figure 5.24).  The end of the 

suction cup was sealed off to create the air cavity. The compression and decompression 

of the air bellows were actuated by the connected linear actuator. The air bellows were 

selected to displace the required volume of air given the linear travel of the actuator (see 

Table 14).   

 

Figure 5.24: Festo’s 3.5 convolutions suction cup used as air bellows. 

 

Table 14: Specifications for the air bellows. 

Parameters Value Units 

Bellow Volume (total) 19720 mm3 

Bellow Volume 

(compensation) 
8144.36 mm3 

Bellow Volume 

(compressible) 
17176.12 mm3 

Height compensation 

(H1) 
12.8 mm 

Compressible Length 27 mm 

Compensation factor 41.3 % 

Compressible factor 87.1 % 

Height of Bellow 31 mm 

Required Volume for 

inflation 
6000-12600 mm3 

      

 

The bellows were constructed from suction cups.  The ends of all four bellows were sealed 

off with silicone rubber.  Rebound 25® was poured into a small round moulding dish that 
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had a diameter of 71 mm to a thickness of 3 mm up from the bottom of the dish, with the 

suction cup placed in the moulding dish (see Figure 5.25).  The mould was then left to 

cure for 2 hours.  After the mould was cured, the suction cup was then removed and 

excess silicone was cut off by the lips of the suction up. 

 

Figure 5.25: Suction cup placed in 3mm of Rebound 25 to seal off the ends. 
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5.2.3.5 Frame 

The frame of the pneumatic cuff driver fixes the linear actuator, motor driver, and air 

bellows together.  The frame itself was custom designed to suit the dimensions of the 

other hardware elements and 3D printed (see Figure 5.26). 

 

Figure 5.26: 3D CAD model of the frame used to mount all of the components for the pneumatic 

cuff driver. 

 

The cylindrical section of the frame shown in Figure 5.27 constrained the air bellows to 

behave more linearly during actuations.  A rectangular cut-out on the top of the frame 

was also put in place for the purpose of observation during experimentation. 

 

Figure 5.27: Assembled pneumatic cuff driver. (A) Cylindrical opening. 

 

A 
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5.2.3.6 Fixation Parts 

The fixation part that was required to allow a secure air-tight connection between the air 

bellows, the frame and the air hose from the peristaltic balloon cuff, is a custom made 3D 

printed female M6 x 1 fitting that was joined with a male luer lock head to make 

connections between the male M6 x 1 of the air bellows and the female luer lock ends of 

the air hose (see Figure 5.28).  

 

Figure 5.28: 3D CAD Model of the M6x1 fitting for connecting to a male luer lock fitting. 

 

Another fixation part was required for attaching the air bellows to the linear actuator.  

This fixation part was essentially a coupling similar to the one used for the cardiovascular 

simulation platform that provided a good link during constant linear actuator movement.  

This coupling was designed to seal off the end lips of the air bellows and have an M6 x 1 

female thread to screw into the male threaded shaft of the linear actuator (see Figure 5.29). 

 

Figure 5.29: Coupling used to connect the linear actuator and air bellows. (A) Coupling. (B) 

Air bellows). 

 

A 

B 
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A NEMA 23 L bracket mount was used to secure the linear actuator to the frame (see 

Figure 5.30).  It was made from coated steel and attached to both the linear actuator and 

frame via 8 stainless steel nuts and bolts. 

 

Figure 5.30: NEMA 23 L bracket used for mounting the motor to the 3D printed frame. 

 

An assembly drawing of the pneumatic cuff driver is shown in Figure 5.31. The assembly 

sequence required the air bellows and coupling be attached to the linear actuator first.  

The NEMA 23 mounts were then attached to the linear actuator and then this assembly 

secured to the frame by two sets of nuts and bolts.  The male luer lock to female M6 x 1 

fitting was then screwed into the air bellows thread.  Lastly, the BED was attached to the 

frame by two screws and rubber spacers to secure it to the frame (see Figure 5.32).  For 

dimensions of the 3D printed parts, please refer to the drawings show on appendix L.  
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Figure 5.31:  3D CAD model assembly of the pneumatic cuff driver. 

 

 

Figure 5.32: (A): 3D Printed frame. (B): Air bellows. (C): NEMA 23 L Bracket. (D) Stepper 

motor. (E): BED mounted. 
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5.2.3.7 Testing 

Experiments were performed to test its hardware functionality and to investigate any 

flaws that were present.  This included the verification of clearance between the coupling 

and the internal surface of the cylindrical opening, the structural integrity during 

operation of the linear actuator and the air tight connection between the male luer lock to 

female M6 x 1 fitting and the air bellows.  Clearance tests using the manual movement 

of the linear actuator showed occasional brushing of the coupling against the inner wall 

in certain surface areas.  The solution to this problem was to file down the edges of the 

coupling and a slight repositioning of the NEMA 23 mount within the frame.  Slight 

bowing of the frame base was observed when the pneumatic cuff driver was inflating and 

deflating the peristaltic balloon cuff, particularly at maximum linear actuator travel.  This 

contributed to the brushing of the coupling against the internal surface of the cylindrical 

opening.  Future revisions should make the base of the frame thicker to eliminate this 

problem.  A small air leak between the male luer lock to female M6 x 1 fitting and the air 

bellows during inflation was fixed by sealing the connections with marine silicone and 

no further leaks were experienced. 

 

Figure 5.33: Pneumatic cuff drivers. 
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5.2.4 Cuff Controller 

 

 

 

 

 

 

 

 

Figure 5.34: Cuff controller component. 

 

The cuff controller shown in Figure 5.34 supplies power and software instructions to the 

pneumatic cuff driver.  It has a touch screen interface to enable and disable the 

inflation/deflation cycle and is powered an Arduino base microcontroller.  The cuff 

controller also takes readings from the pressure sensor probe in the phantom aorta 1 and 

2, to control the amount of inflation volume in synchronisation with the cycle time 

produced by the cardiovascular simulation platform. 

 

5.2.4.1 Design Overview 

The cuff driver consists of both hardware and software.  The hardware aspect is made up 

of electronic circuitry, hardware inputs and outputs and an enclosure.  The software aspect 

is code programmed on the Arduino that controls the travel of each linear actuator base 

on the pressure in the aorta.  In the following sections, more in-depth information is given 

about both the hardware and software aspects of the cuff controller. 

  

 

P
E

A
B

C
 D

ev
ic

e 
Peristaltic Balloon Cuff 

Pneumatic Cuff Driver 

Cuff Controller 



 169 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.35: Component aspects of the cuff controller. 

 

5.2.4.2 Hardware 

The main control system that operates the PEABC device consists of two interacting 

electronic modules.  The first module controls the four linear actuators and is powered by 

Arduino Mega 2560 (see Figure 5.36).  The second electronic module is a UTFT 3.2-inch 

touchscreen LCD module stacked on top of the Arduino Mega 2560. It provides the user 

interface to enable/disable the actuation process, as well as displaying real-time aortic 

pressure readings obtained by the pressure sensor (see Figure 5.37).   
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Figure 5.36: Arduino MEGA 2560 development board. 

 

 

Figure 5.37: UTFT 3.2" Touchscreen module.  
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The Arduino-based control system of the PEABC device provides the digital control 

information to each of the linear actuators that make up the pneumatic cuff driver.  Since 

the BED requires two input variables – STEP and DIR pins – to control the linear actuator, 

a total of 8 digital output pins were utilised on the Arduino Mega 2560 I/O.  The VCC 

pins and GND pins from the Arduino Mega 2560 also supplied the necessary voltage of 

12 VDC at 200 mA to each of the BED (see Figure 5.38).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.38: VCC and GND wiring from the Arduino MEGA 2560 to each of the BED that 

drives each stepper motors. 
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To sense the absolute pressure readings inside the phantom aorta with the Arduino Mega 

2560, the MPX5100AP sensor used previously for testing the phantom aorta was adapted 

as an input sensor for the control system.  The MPX5100AP sensor is connected to the 

Arduino Mega 2560’s analogue input pin, 5 VDC pin, and GND pin (see Figure 5.39). 

  

 

 

 

 

 

 

 

 

Figure 5.39: Wiring of the MPX5100AP to the Arduino MEGA 2560. 

 

The Arduino Mega 2560 itself is supplied by an external power supply that provides a 

constant output of 12 VDC at 1A via the 3.1mm power jack connector.  Programming the 

Arduino Mega 2560 with the Arduino software (described more in section 5.2.4.3) was 

performed by serial communication using the USB type B interface.  The fitting for the 

BED to Arduino Mega 2560 was an 8 pin male/female connector and the MPX5100AP 

sensor to the Arduino Mega 2560 was a 3 pin male/female mic connector (see Figure 

5.40). 
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Figure 5.40: Pin connections between the cuff controller and the BED. (A): Connectors to the 

BED Pins. (B): 8 Pin Female connector. (C): Cuff controller. 

 

An enclosure was made to house all of the electronic circuits, wirings, and connections.  

The enclosure is a two-piece case that contained components in the base and lid section.  

The base piece contains the Arduino Mega 2560, TFT LCD Mega Shield and all the 

connecting fittings.  The lid section of the case fixes the UTFT LCD touch screen and is 

screwed onto the base section of the case.  The cuff controller enclosure was designed 

specifically for this research in AutoCAD (see Figure 5.41). 

 

Figure 5.41: Exploded 3D CAD view of the cuff controller. 
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The enclosure base was designed with holes for connectors, switches etc.  The location 

of these hole cut-outs is shown in Figure 5.42.  The cuff controller enclosure parts were 

3D printed with SLA separately. 

 

Figure 5.42: Exploded 3D CAD view of the cuff controller frame. 

 

The physical placement of the of the Arduino Mega 2560 and TFT LCD Mega Shield 

was achieved using plastic standoffs glued to the enclosure base to mount the Arduino 

Mega 2560 board.  The TFT LCD Mega Shield was simply connected on top of the 

Arduino Mega 2560 board via a 40 pin header as this module was designed to be 

compatible with Arduino Mega 2560 board.  Before the four 8 pin connectors, 3 pin 

connector, reset button, power switch, and power port was mounted to the hole cut-outs 

on the enclosure, the wiring had to be soldered to them first.  The process was then 

followed by attaching the wires soldered to the connectors to the appropriate pins 

allocations on the Arduino Mega 2560 board.  
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The enclosure top is where the UTFT LCD touch screen is housed in the allocated slot 

specifically designed to firmly secure the screen with high strength adhesives.  The 

connection between the required TFT LCD Mega Shield model and the UTFT LCD touch 

screen was made with the use of a 40 pin ribbon cable.  The two pieces of the enclosure 

were then assembled together with 4 screws to secure them on each four top corners of 

the enclosure. 

 

Figure 5.43: (A): Components inside the cuff controller. (B): External of the cuff controller. 

 

5.2.4.3 Software 

The motion control software of the peristaltic balloon cuff causes it to be inflated and 

deflated in response to the cyclic pressure readings obtained from the cardiovascular 

simulation platform. The start/stop operations and the displaying of the absolute pressure 

readings, as well as other calculated variables, are also programmed into the software to 

create the desired user interface.  The software for the Arduino’s cuff controller called 

the extra-aortic cuff driver or EACD was written in the C programming language.  Open 

source software libraries were utilised for the UFTF touch screen, the BED, and a timer 

function.  The counterpulsation and peristaltic motion of the cuff balloons via the cuff 

drivers are driven by the software algorithm programmed into the cuff controller.  

Counterpulsation was achieved by detecting the peak systolic pressure via a pressure 

sensor and initially inflating the first cuff balloon.  Each of the four balloons is subjected 

to their own time delay which was achieved using a finite impulse response (FIR) filter 

algorithm.  The FIR filter creates an output (motor position over time) based on the 



 176 

frequency and amplitude that the pressure sensor outputs from the ascending aorta (see 

Figure 5.44) that becomes the input to each cuff driver. 

 

 

 

 

  

 

Figure 5.44: FIR filter structure diagram. 

 

The software algorithm was created as a combination of several functions that allow the 

cuff controller to communicate to the cuff driver to inflate and deflate the peristaltic cuff 

balloon based on pressure sensor feedback and to also provide a user interface with a 

touch-sensitive display.  The following software functions were utilised in the cuff 

controller.   

 

UFTF Touch Screen Software Library 

The UFTF touch screen software library (#include <UTFT_Buttons.h>) is a prewritten 

set of code that allows the creation of the user interface for the EACD.  The touch screen 

interface embedded in the EACD software uses two open source libraries for the visual 

interface of the touch screen to interact with the buttons.  EACD software code was 

written to initiate, display and take in touch response of the screen.  The program 

displayed and responded to the touch buttons for initiating or terminating operation of the 

four linear drives, and displayed the sensor reading, calculated position of the linear drive, 

absolute pressure and sensor voltage as shown in Figure 5.45. 
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Figure 5.45:  The graphical user interface of the cuff controller showing functional enable and 

disable buttons. 

 

BED Software Library 

The BED software library (#include <AccelStepper.h>) has sets of functions that allow 

programming functions to drive the linear drive.  This library was used to assign the 3 

connection pins each of the four linear drives between the BED and the cuff controller.  

All of the GND pins of each linear drive were assigned to pin 1 of the Arduino mega 

2560.  The STEP and DIR pins were assigned to available digital input pins.  For example, 

AccelStepper stepper1(1, 9, 8) assigns pin 1 as GND pin, pin 9 as STEP pin and pin 8 as 

DIR pin.  The two major BED software functions that were utilised for actuating the linear 

drives were stepper.moveTo() and stepper.run() function.  The stepper.moveTo function 

sets the target position and moves the linear drive one step per function call from the 

current position to the target position that’s set by the most recent call to this function.  

The stepper.run() function polls the linear drive and steps it if a step required based on 

the set speed stepper.setMaxSpeed() and acceleration stepper.setAcceleration()  assigned 

to achieve the target position.   

 

Setup Function  

The setup function of the EACD software is where the initial setup and non-animating 

UTFT touch screen user interface is drawn, the four stepper motor’s speed and 
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acceleration values are defined, and the pins assigned to the inputs and outputs.  The 

speed and acceleration settings for the BED software are assigned to the setup function 

for all four linear drives.  The initialization of the FIR filter’s relevant variables is also 

defined in this function. 

 

Run Motor Function 

This function is responsible for defining the linear drive’s calculated position based on 

the calling of the stepper.moveTo() and stepper.run() BED software functions.  The 

distance to be moved is calculated from the pressure sensor in the main EACD loop.   

 

Sensor Reading Function 

This is a function that calculates and displays the analogue pressure signals.  The Arduino 

Mega 2560’s analogue pin has the capability to read the signal at 10,000 samples/second, 

i.e. the ADC can read a sample every 100µs under the following conditions:   

Clock speed = 16MHz  

13 clock cycles per second. 

Pre-scale = 1  

However, the practical sampling rate that was observed – using a sample rate software 

function – was 9600 samples/second (116µs).  This means that the ADC calculation takes 

116µs to perform one reading.  The sample rate calculated was an important factor in the 

development of the FIR filter.  The MPX5100AP sensor transfer function to convert the 

analogue signal into absolute pressure in mmHg units is shown in Equation 5.1. 

 

𝑉𝑜𝑢𝑡 =  𝑉𝑠(𝑃 ×0.009 − 0.095)   

±(𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐸𝑟𝑟𝑜𝑟 × 𝑇𝑒𝑚𝑝. 𝑀𝑢𝑙𝑡.  ×0.009 × 𝑉𝑠 

𝑉𝑠 = 5.0𝑉 ± 5% 𝑃 𝑘𝑃𝑎 

 

Equation 5.1 
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The digital value from pin A14 (pressureSensor) is converted into a voltage value 

(sensorVoltage) based on the reference voltage of 5VDC and the 10-bit resolution of the 

analogue pin (see Equation 5.2). 

 𝑠𝑒𝑛𝑠𝑜𝑟𝑉𝑜𝑙𝑡𝑎𝑔𝑒 = 𝑠𝑒𝑛𝑠𝑜𝑟𝑉𝑎𝑙𝑢𝑒 × (5.0 ÷ 1023) Equation 5.2 

 

The derived sensor voltage is then used to calculate the pressure – measured in kPa – 

from the sensor using the transfer function in Equation 5.3. 

 𝑠𝑒𝑛𝑠𝑜𝑟𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 4.444 × ((5×𝑠𝑒𝑛𝑠𝑜𝑟𝑉𝑜𝑙𝑡𝑎𝑔𝑒) + 1) Equation 5.3 

 

To obtain the pressure readings in mmHg units (absolutePressure) a unit conversion from 

kPa (see Equation 5.4). 

 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 7.50061561303×𝑠𝑒𝑛𝑠𝑜𝑟𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 Equation 5.4 

 

The pressure range was observed to be between 76 – 120 mmHg during operation of the 

cardiovascular simulation platform.  This was mapped to the linear drive’s travel of 

38.1mm with 0.0508mm of movement per step count. Thus the total step count was 

1415.61 steps, rounded to 0 to 1400.  The software code that was implemented for 

assigning the position of the linear actuator from the pressure that was sensed was:  

pos = map(absolutePressure,78,120, 1400, 0) 

This mapping is inverted to extend the linear drive as the absolute pressure decreases and 

retract when the absolute pressure increases, and thus implements counterpulsation. 

For debugging purposes, calculated variables were displayed on the UTFT touch screen.  

However, during operation display was disabled to maintain the speed of the motor 

control loop.     
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Main loop 

The main loop of the EACD software continuously executed component functions.  The 

sensor reading function was first obtained and derived variables calculated.  This was 

followed by a series of condition statements that check for touch input from the UTFT 

touch screen to see if the enable button or disable button was pressed.  For the case that a 

motor is enabled, the FIR function performs the calculations that phase shifts the motor 

actuations for that motor and the motor is driven.  

 

5.2.4.4 Software Programming 

The programming and debugging of the Arduino Mega 2560 board were performed using 

the Arduino Integrated Development Environment (Arduino IDE) on a computer running 

Windows 10.  The programming language that the EACD software was written in was C 

and made use of the software libraries mentioned previously in section 5.2.4.3.  The code 

was uploaded to the Arduino Mega 2560 via USB interface (see Figure 5.46). 

 

 

Figure 5.46: Arduino IDE software tool.  Drop down menu used for selecting the 

communication ports and processors. 

    

5.2.4.5 Testing 

The cuff controller was tested to ensure functionality with the assembled hardware and 

EACD software.  The initial test was to make sure that all connector wirings were 

assigned to the correct pins using a multimeter to check the connectivity.  The next test 
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was powering up the cuff controller with 12VDC and testing the reset button.  The reset 

button was found to be useful during development as, occasionally, the uploading process 

of the EACD software code to the Arduino Mega 2560 resulted in the UTFT touch screen 

being non-responsive.  The UTFT LCD touch screen interface was then tested for 

functionality whereby pressing the enable button would display a message ‘running’ and 

display ‘stopped’ when disable button is pressed.  Testing display of the correct sensor 

value from the pressure sensor was also performed.  This involved connecting the 3 pin 

pressure sensor to the cuff controller and performing voltage measurements across the 

sensor and comparing it with the value displayed on the touch screen.  The voltage 

measured across the ground and signal pin of the pressure sensor was observed to be 

0.24VDC, whereas the cuff controller displayed 0.22VDC.  The difference was found to 

be due to the difference between actual sensor supply voltage of 4.6VDC and nominal 

5VDC used to convert the sensor value into sensor voltage.  The last test that was 

performed for the cuff controller involved connecting all four linear drives to test the run 

motor function in the EACD software.  This test was to check that the linear drives operate 

at optimal speed and acceleration with the change in analogue signal from the pressure 

sensor.  The pressure change to step movement calibration that was code into the EACD 

software mentioned previously in section 5.2.4.3 was defined by this test. The values that 

were derived from the linear drives’ speed and acceleration profiles were found by trial 

and error, as initially the values for both profiles were set too high resulting in a slip in 

position causing the motion to become out of synchronisation with pressure readings. 

It was also found that the Arduino development board used as a controller could not 

display the pressure readings from the pressure sensor and run the four pneumatic drivers 

at the same time.  The lack of processing power was the cause of the problem, although 

better optimisation could have alleviated this.  With this lack of processing power, the 

controller was not able to also perform peristalsis movement of inflating and deflating 

each balloon within the initial cardiac cycle time of 0.8 seconds and subsequent tests were 

run at 60 bpm. 

Three major versions of the EACD software were created for testing of the PEABC 

system.  The first software version drove all four linear drives without peristaltic motion.  

The second software version was the implementation of the peristaltic model – using the 

equations created on the Matlab® (MathWorks®, United States) simulation based on basic 

delay timing to actuated each balloon.  The third software version was an alternative delay 

timing method – using FIR filters – to implement a peristaltic model using the linear 
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drives.   Testing of the PEABC device attached to the cardiovascular simulation platform 

is explained in Chapter 6 and Chapter 7. 
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Chapter 6  

Result of System Tests 

This chapter presents results obtained when all of the components of this research were 

tested together, i.e. when the PEABC device is attached to the cardiovascular simulation 

platform.  Two main focal data – pressure and flow characteristics – are documented and 

analysed against related studies, and discussed later in Chapter 7. 

 

6.1 PEABC Prototype and Pressure Characteristics 

With the same testing equipment – pressure catheters and flow sensors – used for 

obtaining the results for cardiovascular simulation platform, both pressure and flow 

waves and values were acquired under three conditions.  The first condition was the 

PEABC device attached, but not actuating, to the descending aorta (directly after the 

aortic arch) with the cardiovascular simulation platform operating.  The second condition 

was setting the PEABC device to actuate all four air chambers (non-peristaltic) in 

counterpulsation to the cardiovascular simulation platform pumping rhythm.  The third 

condition was setting the PEABC device to perform both peristalsis and counterpulsation 

operation on the cardiovascular simulation platform.   

With the cardiac cycle set on the cardiovascular simulation platform for 2sec, the pressure 

waveforms at the aortic arch acquired from the three testing conditions are shown in 

Figure 6.1.  The pressure waveforms at the descending aorta were also acquired from the 

three testing condition and are shown in Figure 6.2.  It is observed that for the ascending 

pressures that the end diastolic pressure at point C increased by ~8 mmHg for non-

peristaltic and counterpulsation operation, and ~6 mmHg for peristaltic and 

counterpulsation operation.  In the descending aorta, the end-diastolic pressure increased 

by ~2.5 mmHg for both non-peristaltic and counterpulsation operation, and peristaltic and 

counterpulsation operation.  In both locations, the peak systolic pressures (shown as point 

A) are highest when the PEABC device was not operating.  At points B in both locations 

the pressure with peristaltic and counterpulsation operation drops by as much as ~10 

mmHg when compared to the normal pressure. 
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Figure 6.1: Pressure waveforms at the ascending aorta. (A): Peak systolic pressures.  (B): 

Pressure drops when comparing to normal pressure.  (C): End-diastolic pressures. 
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Figure 6.2: Pressure waveforms at the descending aorta. (A): Peak systolic pressures.  (B): 

Pressure drops when comparing to normal pressure.  (C): End-diastolic pressures. 
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The before, during and after effects of operating the PEABC device with both non-

peristaltic and peristaltic, and counterpulsation attached to the descending aorta were 

sampled for 2 min on the LabChart 8 software (see Figure 6.3).  The sampling rate was 

set at 40,000 samples/second. 

 

Figure 6.3: Aortic arch pressure (red waveform).  Descending aortic pressure (blue waveform).  

The area highlighted blue (A): PEABC prototype not operating.  The area highlighted red (B): 

non-peristaltic and counterpulsation from PEABC prototype.  The area highlighted green (C): 

peristaltic and counterpulsation from PEABC prototype. 
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5 cardiac cycle samples of each testing condition were extracted from Figure 6.3 and are 

shown in Figure 6.4 and Figure 6.5. 

 

Figure 6.4: 5 cardiac cycle samples of the pressure extracted at the ascending aorta – showing 

three pressure wave that represents the three testing conditions. 

 

 

Figure 6.5: 5 cardiac cycle samples of the pressure extracted at the descending aorta – showing 

three pressure wave that represents the three testing conditions. 
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The mean pressures at the ascending aorta and the descending aorta from the two testing 

conditions (PEABC not operating and PEABC operating with counterpulsation and 

peristaltic augmentation) were calculated based on sampling the 5 cardiac cycles.  

A Students T-test – two-sample assuming equal variances – was performed and found a 

significant difference (α = 0.05) in mean pressure between the no augmentation test 

condition and peristaltic augmentation test condition, for pressures at both the ascending 

aorta and descending aorta (see Table 15). 

Table 15:  Mean aortic pressure comparisons between PEABC off and on. 

 

 

  

Pressure Comparison A 

(PEABC off) vs B (PEABC 

on) 

N 

Mean 

(±SD) A 

mmHg 

Mean 

(±SD) B 

mmHg 

Differenc

e (B – A) 

mmHg 

P-Value 

Mean ascending aorta 

pressure PEABC off vs on 
5 

92.1 (SD 

± 0.22) 

95.7(SD ± 

0.72) 
4.6 6.84e-6 

Mean descending aorta 

pressure PEABC off vs on 
5 

51.4 (SD 

± 0.27) 

48.6 (SD 

± 0.28) 
-2.8 2.83e-7 

Mean ascending aorta 

pressure (diastolic 

pressure) PEABC off vs on 

5 
87.3 (SD 

±0.75) 

91.4 (SD 

±1.27) 
6.8 

5.0e-5 

 

Mean descending aorta 

pressure (diastolic 

pressure) PEABC off vs on 

5 
45.6 (SD 

±1.07) 

43.7 (SD 

±0.47) 
-1.9 8.83e-3 
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6.2 PEABC Prototype and Flow Characteristics 

The flow characteristics and parameters under the operation of the PEABC device were 

measured using the ACUSON Sequoia 512 (Siemens, Germany) ultrasound machine.  

Peak flow velocities in both the ascending aorta and brachiocephalic artery were 

measured with the ultrasound transducer under two conditions - PEABC device off and 

PEABC device operating with peristalsis and counterpulsation.  The ascending aorta 

waveforms are shown in Figure 6.6 and Figure 6.7 and brachiocephalic artery waveforms 

are shown in Figure 6.8 and Figure 6.9.  The ultrasound measurements obtained show 

both the distribution of fluid particles with both forward and backwards flow velocities. 

The top half of the readings indicate the forward flow velocity, and the bottom half 

indicates the backwards flow velocity.  A student T-test was performed for comparing 

the differences between PEABC off and PEABC on states (refer to Table 16). 

 

Figure 6.6: Peak forward flow velocity measured at the ascending aorta with the PEABC 

prototype off. 
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Figure 6.7: Peak forward flow velocity measured at the ascending aorta with the PEABC 

prototype on. 

 

 

Figure 6.8: Peak forward flow velocity measured at the brachiocephalic artery with the PEABC 

prototype off. 
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Figure 6.9: Peak forward flow velocity measured at the brachiocephalic artery with the PEABC 

prototype on. 

 

Mean flow velocities for the 5 cycles were also obtained for both PEABC off and PEABC 

on conditions and Student’s T-test used to evaluate the differences (refer to Table 16).  

The flow velocities samples – ascending aorta and brachiocephalic artery – are shown in 

Figure 6.10 and Figure 6.11.  

 

Figure 6.10: Flow velocities in the ascending aorta. 
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Figure 6.11: Flow velocities in the brachiocephalic artery. 

 

A forward and backwards flow velocity of the ascending aorta sample of the PEABC off 

and on was measured and compared (see Figure 6.12 and Figure 6.13).  The mean flow 

velocity and P-value are shown in Table 16. 

 

Figure 6.12: (A): Forward flow velocity with PEABC off, (B): Forward flow velocity with 

PEABC on. 
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Figure 6.13: (A): Backwards flow velocity with PEABC off, (B): Backwards flow velocity with 

PEABC on.  

 

 

  

A B 
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Table 16: Flow velocity comparison at the ascending and descending aorta with the PEABC off 

and PEABC on. 

 

 

Flow Velocity Comparison A 

(off) vs B (on) 
N 

Mean 

(SD) A 

cm/s 

Mean 

(SD) B 

cm/s 

Difference B 

– A cm/s 

P-

Value 

Mean peak forward flow 

velocity, ascending aorta, off 

vs on 

5 102 93 -9 0.22 

Mean peak forward flow 

velocity, brachiocephalic 

aorta, off vs on 

5 72.8 82.3 1.5 0.13 

Mean flow velocity, ascending 

aorta (whole phase), off vs on 
5 21.7 24.8 3.1 0.08 

Mean flow velocity, ascending 

aorta (diastolic phase), off vs 

on 

5 13.5 17.7 4.2 0.01 

Mean flow velocity, 

brachiocephalic artery (whole 

phase), off vs on 

5 20.6 18.2 -2.4 0.28 

Mean flow velocity, 

brachiocephalic artery 

(diastolic phase), off vs on 

5 19.0 15.5 -3.5 0.18 

Mean forward flow velocity, 

ascending aorta, off vs on 
10 20.0 31.3 11.3 0.02 

Mean backward flow 

velocity, ascending aorta, off 

vs on 

10 18.1 28.5 10.4 0.04 
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Chapter 7  

Discussion Summary 

Examining the pressure wave that was sampled at the descending aorta, the pressure had 

similar augmentation characteristics as the pressure that was sampled at the ascending 

aorta.  However, the amount of amplitude augmentation at the end-diastolic phase was 

smaller.  This signifies that by visual inspection, the PEABC resulted in more pressure 

augmentation in the ascending aorta than the descending aorta at the beginning and the 

end of the cardiac cycle.  Referring back to Figure 6.1 and Figure 6.2, inspection to the 

both the ascending and descending aorta pressures show that the amount of diastolic 

pressure wave augmentation – as a result of PEABC operation –  is small.   However, 

when analysing the significant differences (α = 0.05) based on the mean ascending aortic 

pressures during whole phase obtained from the Student T-Test the P-Value (P=6.84e-6) 

for the ascending aorta pressure and (P=6.84e-6) for the descending aorta pressure indicate 

that are significant differences of pressure augmentation with the operation of the PEABC 

prototype.  The ascending and descending aortic aorta pressure data during diastolic phase 

only was also seen to have significant differences – (P=5.0e-5) and (P=8.83e-3) 

respectively.  The results also show that the mean ascending aorta pressure (whole phase) 

was increased by 4.6 mmHg due to PEABC operation, on the other hand, the mean 

descending aorta pressure was reduced by 2.8 mmHg.  The mean ascending aorta pressure 

(diastolic phase only) on the other hand, had a larger increase of 6.8mmHg due to PEABC 

operation.  A decrease in mean descending aorta pressure was also seen during diastole 

(-1.9 mmHg). 
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Table 17: Comparing the  amount of pressure augmentation created by the PEABC in both the 

ascending and descending aorta. 

Aortic Pressure Comparisons PEABC Augmentation (Off Vs On) 

Ascending Aorta (full phase) 3.94%▲ 

Descending Aorta (full phase) 5.39%▼ 

Ascending Aorta (diastolic phase only) 4.58%▲ 

Descending Aorta (diastolic phase only) 4.24%▼ 

 

Examining the amount of augmentation that PEABC has on the normal aortic pressures 

shown in Table 17, it is observed that both pressure data – at the ascending aorta (whole 

phase) and ascending aorta (diastolic phase only) – show some percentage increase.  Since 

the location of the PEABC prototype was attached near the aortic arch (closer to the 

ascending aorta than the descending aorta), it would be expected that the mean ascending 

aorta pressure would increase (see Figure 7.1).   

 

 

 

Figure 7.1: Visual illustration of the increase (green arrow) and decrease (red arrow) in 

pressure and flow velocity during the operation of the PEABC prototype. 

Heart 

Descending Aorta 

PEABC Prototype  

Ascending Aorta 

Branching Arteries 
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An increase in the mean flow velocity at the ascending aorta of 3.07 cm/s was also 

experienced under the operation of the PEABC prototype.  However, the mean 

brachiocephalic artery flow velocity was reduced by 2.4 cm/s.  Furthermore, when 

investigating the effects of the PEABC prototype only during the diastolic phase of the 

cardiac cycle, the mean flow velocities of the ascending aorta and brachiocephalic artery 

– derived from averages of 5 cycles – show similar trends.  T-Tests were also used to 

determine the statistical significance of the differences.  Both test conditions – systolic 

and diastolic, and diastolic only phases – were tested for.  It is noted that the diastolic 

mean flow velocity at the ascending aorta was the only set of flow velocity data that 

showed significant differences when comparing the results from PEABC off and PEABC 

on.  Although there was no significant difference in mean flow velocities obtained in the 

ascending aorta when considering both systolic and diastolic phases (P=0.08) when only 

diastolic phase was considered statistically significant differences were found (P=0.01).  

Moreover, a significant difference was calculated and found in mean ascending aortic 

forward and backwards flow velocity augmentation under the influence of the PEABC 

prototype (P=0.02 and P=0.04 respectively).    

This shows that the PEABC does augment mean aortic flow velocity during the diastolic 

phase of the cardiac cycle (see Table 18).  No significant differences were found in the 

brachiocephalic artery. However, it was observed that the brachiocephalic artery flow 

velocities obtained from the ultrasound were not clear (a lot of noise in the waveform), 

whereas the ascending aorta ultrasound signals were clearer.  These T-Test outcomes of 

the mean flow velocities indicate that the PEABC prototype is more effective at 

augmenting the diastolic phase of the cardiac cycle – predominantly in the ascending 

aorta, for both pressure and flow.  
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Table 18: Comparing the amount of flow velocity augmentation created by the PEABC in both 

the ascending and descending aorta. 

Flow Velocity Comparisons 
PEABC Augmentation 

(Off Vs On) 

Mean Flow Velocity at the 

Ascending aorta (diastolic phase only) 
31.6%▲ 

Mean Flow Velocity at the 

 Brachiocephalic artery (diastolic phase only) 
18.5%▼ 

Mean Flow Velocity at the 

Ascending aorta (whole phase) 
14.1%▲ 

Mean Flow Velocity at the 

Brachiocephalic artery (whole phase) 
11.8%▼ 

 

 

7.1 Comparison to Simulation 

The results obtained from testing the PEABC prototype on the cardiovascular simulation 

platform showed some level of evidence that the PEABC can augment both pressure and 

flow waveforms.  Examining the effects of the PEABC prototype on the ascending aorta 

pressure shown previously in Chapter 6, it is noticed that pressure is augmented 

throughout the whole cardiac cycle with the largest increase at the beginning of systole 

and end diastolic phase. The largest reduction in ascending aorta pressure was observed 

to occur during the beginning of the diastolic phase.  With the PEABC prototype set to 

apply an external peristaltic movement to the descending aorta in counterpulsation to the 

pressure waveform generated by the cardiovascular simulation platform, it was found that 

the timing of when each balloon inflates and deflates is reflected in the augmentation 

profile of the pressure wave in the ascending and descending aorta.   

It is recognised that the pressure increase due to PEABC operation is fairly small.  A 

similar outcome was observed in the pulse wave simulation software.  The 1-D pulse 

wave simulation software can simulate the implementation of 4 external cuffs that induce 

peristaltic movement in the aortic wall.  The pressure waveforms from the 1-D pulse wave 

simulation and the cardiovascular simulation platform are shown in Figure 7.2. 
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Figure 7.2: (A9): Comparison between the total pressure waveform from the pulse wave 

simulation and (B10): the pressure waveform from the cardiovascular simulation platform. 

 

Comparing the peristaltic augmentation of the total pressure waveform from the pulse 

wave simulation against the PEABC prototype pressure augmentation to the phantom 

aorta 2 on the cardiovascular simulation platform shows that the pulse wave simulation’s 

peristatic augmentation reduces the diastolic pressure as opposed to the PEABC prototype 

experimentation which increases the diastolic pressure.  It is expected that these 

discrepancies are due to some parameters from the pulse wave simulation that do not 

match with the PEABC prototype experimentation.  Some of the assumed key parameters 

include the following: 

- Cuff wave profile from pulse wave simulation doesn't match the cuff wave profile 

created by the PEABC system. 

- Aortic valve open/close profile created on the pulse wave simulation differs from 

the prosthetic aortic valve installed in the cardiovascular simulation platform. 

 

However, in both the simulation and experimentation, there was very little change in 

systolic pressures, which is expected as the counterpulsation occurs in the diastolic phase.  

The relevant pressure waveforms are shown in Figure 7.3. 

                                                 

9 Simulated data from 8 cycles 

10 Experimentation data obtained from 1 cycle  
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Figure 7.3: (A): An analysis of the differences of the peristaltic augmentation of the pulse wave 

simulation Vs. (B): Cardiovascular simulation platform.  

 

The results from the PEABC prototype that tested three conditions – normal, non-

peristaltic and peristaltic augmentation – indicate that non-peristaltic augmentation 

caused a larger increase in diastolic and end-diastolic pressures than the peristaltic 

augmentation.  This result was also seen in the pulse wave simulation whereby a 

significant augmentation to the total pressure wave was shown as an outcome of all four 

balloon cuffs inflating and deflating at the same time – non-peristaltic augmentation 

simulated for 0.8 seconds and 2 seconds cardiac cycles.   

  

A B 
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7.2 Comparison to C-Pulse 

Comparison of the effects of the C-Pulse® counterpulsation inflation on the pressure wave 

tested by Sunshine Heart [49] and the PEABC show an increase in end diastolic pressure 

(see Figure 7.4) in both non-peristaltic and peristaltic operations of the PEABC.  

 

Figure 7.4: Pressure wave comparison between the effects of (A): C-Pulse® and (B): PEABC. 

 

The PEABC increased pressure from 0 to 0.4 seconds, and from 1.5 to 2 sec and reduced 

pressure between 0.4 to 1.5 sec.  The reduction in pressure during diastole was not present 

in Sunshine Heart’s case; in fact, the C-Pulse® increases the dicrotic notch pressure [49].  

This is likely due to differences in timing of the counterpulsation. 

Studies documented by Sunshine Heart on the hemodynamics of C-Pulse® [47] obtained 

using ultrasound shows an increase in diastolic carotid flow velocity when the C-Pulse® 

is active.  Sunshine Heart’s average increase in carotid flow velocity was stated to be 30% 

[47] compared to the increase of the mean flow velocity in the ascending aorta of 14.1%.  

Results of operating the PEABC prototype showed an average increase in diastolic flow 

velocity in the ascending aorta of 31.62% (P < 0.05).  This increase in flow velocities in 

the ascending aorta, along with C-Pulse results solidly indicate flow velocities in the 

carotid artery and the coronary flow could also increase.  Further development of the 

cardiovascular simulation platform would be needed to validate this.  

The C-Pulse® device has been  designed to increase the diastolic arterial blood pressure, 

as well as increasing the coronary flow [40] using the counterpulsation system applied to 

a pneumatic balloon cuff attached to the ascending aorta to assist heart function.  The 

results obtained lead to the conclusion that the PEABC prototype – with its corresponding 

ability to increase mean diastolic and end-diastolic pressure, and mean diastolic flow 
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velocities in the ascending aorta -  should also be able to assist heart function.  However, 

the amount diastolic arterial pressure augmentation of the C-Pulse® device is greater than 

that demonstrated by the PEABC prototype. In comparing the singular balloon cuff 

design of the C-Pulse® and the multi-chamber balloon cuff design of the PEABC, it is 

obvious that a large single balloon cuff design is significantly more effective at indenting 

the aortic wall than the PEABC smaller multi-balloon cuff (see Figure 7.5).  Future 

adaptations of the PEABC system could address this issue, and it is of note that the 

PEABC system is located on the descending aorta, whereas the C-Pulse is located on the 

ascending aorta, which is more restricted in terms of space available. In addition, the 

multi-cuff system also has the potential for more nuanced control of pressure and flow in 

the aorta. 

 

Figure 7.5: (A): Cross-sectional diagram of an aorta with the C-Pulse® inflated, and (B): 

PEABC with all balloon inflated. 

 

The results obtained from testing the PEABC prototype on the cardiovascular simulation 

platform showed some level of evidence that the PEABC can augment both pressure and 

flow waveforms.  Examining the effects that the PEABC prototype on the ascending aorta 

pressure shown previously in Chapter 6, it is noticed that the pressure is augmented 

throughout the whole cardiac cycle and the largest increase is at the beginning of systole 

and end diastolic phase. The biggest reduction in ascending aorta pressure was observed 

to occurring during the start of the diastolic phase.  With the PEABC prototype set to 

apply an external peristaltic movement to the descending aorta in counterpulsation to the 

pressure waveform generated by the cardiovascular simulation platform, one can state 

that the timing of when each balloon inflates and deflates will reflect on the augmentation 
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profile of the pressure wave in the ascending and descending aorta.  If we were to compare 

the effects of the C-Pulse® counterpulsation inflation on the pressure wave tested by 

Sunshine Heart [49] and the PEABC, both show an increase in end diastolic pressure 

(refer to Figure 7.4).   
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Chapter 8  

Conclusion and Future Work 

The objective of this research was to establish whether an extra-aortic balloon cuff 

operating with counterpulsation and peristaltic movement at the descending aorta has the 

potential to increase both diastolic pressure and flow.  Both numerical simulation and 

physical simulations were created to investigate the pulse wave under the influence of an 

external augmentation.   

It has been shown with both numerical and physical simulation that applying an external 

peristaltic movement to the walls of the descending aorta can augment the diastolic 

ascending aortic pressure and the diastolic brachiocephalic peak flow velocity (which can 

be considered as a surrogate of coronary flow).  These results are qualitatively similar to 

those achieved by the existing C-Pulse system which also increases coronary flow.  It is 

plausible that the PEABC system can also be effective in increasing coronary flow as a 

response to the increased diastolic pressure and flow velocity in the ascending aorta, 

which can be expected to drive flow into the coronary arteries during diastole (i.e. the 

heart’s relaxed phase).  This can assist heart function in the same way that C-Pulse® was 

designed to do – to help ensure perfusion of the weakened heart muscle by pumping more 

blood back to the walls of the heart muscle. 

In comparing peristaltic and non-peristaltic motion being applied to the PEABC system, 

it was observed that the mean pressure measured at both the ascending and descending 

aorta was smaller when the PEABC system was operating with peristaltic motion.  For 

the experimentation that was carried out in this study, an extra-aortic balloon cuff 

operating with counterpulsation and non-peristaltic motion had a better effect on 

augmenting pressure and flow to potentially assist heart function in a similar operation to 

the C-Pulse® system.  However, it would be expected that with further modifications, 

future studies of an extra-aortic balloon cuff that performs counterpulsation and peristaltic 

motion could also potentially assist heart function.  

This study provides a contribution to research into the novel concept of applying an 

external peristaltic movement with counterpulsation to the walls of the descending aorta 

to augment the pressure and flow in the aorta that can assist heart function.  Both the pulse 
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wave simulation and the PEABC system has provided an understanding of the effects of 

waveform augmentation due to counterpulsation with and without peristaltic motion.  The 

fabrication of the extra-aortic balloon cuff with multiple cavity chambers designed to 

produce peristaltic motion was achieved and has the potential to be adapted to future 

developments in healthcare devices.  Development of the cardiovascular simulation 

platform has provided a hardware system that does not require a pump system to maintain 

mean pressure but instead naturally produce similar physiological pressure values and 

waveforms that would be expected in a human body using a single bellows actuation 

system.  The manufacturing techniques developed for reliably producing the phantom 

aortas for the cardiovascular simulation platform will guide the development of arterial 

phantoms in other research sector.  Together, the research presented in this thesis has the 

potential to assist and guide other studies related to phantom aorta development, 1-D 

pulse wave simulation and experimental cardiovascular and haemodynamic simulation 

for both research and teaching. 

During the course of this research, a number of aspects of future investigation and 

development have been identified.  They are mentioned below: 

Pulse Wave Simulation 

- Refining the pulse wave profile to produce closer to physiological pressure 

waveforms. 

- Considering the development of a pulse wave simulation that factors in the change 

in aortic wall thickness, and the stiffness. 

Refining the peristaltic augmentation modelling by means of improving the balloon 

cuff augmentation waveform, timing of each balloon and increasing/decreasing the 

number of balloon cuffs being modelled.  

Cardiovascular Simulation Platform 

- Modifying the cardiovascular simulation platform to be stable when operated at a 

faster cardiac cycle, which will require larger interconnecting tubes between 

reservoirs. 

- Further develop the phantom aorta– alternative materials, more anatomically 

representative phantom size, add coronary arteries. 

- Obtain flow velocity under non-peristaltic movement from the PEABC prototype.  
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PEABC Prototype  

- Further experimentation of changing the peristaltic inflation and deflation timing 

of each balloon cuff. 

- Develop another balloon cuff with more air chambers to possibly improve 

peristaltic movement. 

- Investigate the effect of cuff volume on flow augmentation. 

- Minimising the prototype to a smaller footprint. 

- Refine the EACD software to a more robust control system. 

- Explore with programming other balloon cuff movements (e.g. reversed peristaltic 

motion). 

 

Experimentation 

- Explore the adaptation of the 2:1 ratio augmentation test that was performed by 

Sunshine Heart (extra-aortic cuff activated every 2nd cardiac cycle) 

- Utilise more flow/pressure probes to obtain more accurate data from the 

cardiovascular simulation platform.  Furthermore, the flow rate at various points of 

the phantom aorta 2 could be explored to provide a better understanding of the 

effects that the PEABC prototype produces 
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Appendix C 

Big Easy Driver V1.1 Schematic  

  



 213 

 

  



 214 

 

 

 

 

 

Appendix D 

Arduino Mega 2560 Schematic 
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Appendix E 

3.2” TFT LCD with SD and Touch 

for Arduino Mega with adjustable 

TFT shield Datasheet 
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Marbocote® 277CEE Technical 

Bulletin 
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Rebound® 25 Technical Bulletin 
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Dragon Skin® Series Technical 

Bulletin 
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Appendix I 

Pulse Wave Simulation Matlab® 

Code 
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Appendix J 

EACD Software Arduino Code 
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Appendix K 

SmartMotor™ Program Code 
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CAD Drawings 
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