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ABSTRACT 

The purpose of this thesis has been to validate the in-vitro heart simulation model of the 

coronary arteries called Flowlab, identify limitations and potential problems, and to offer 

suggestions for improvement. Flowlab emulates arterial characteristics such as pressure and 

flow, providing a simulation environment with the ability to measure the volumetric 

coronary blood flow and arterial blood pressure. Compared to current simulation systems, 

this will give a better understanding of both position and severity of the cardiovascular 

disease, and also provide essential information regarding the hemodynamics in the coronary 

arteries.  

 

To understand the fluid dynamics of the coronary system and gain a deeper understanding 

of the arterial function and physiology, the first phase of this thesis will focus on gathering 

information regarding the anatomy, physiology and hemodynamics of the coronary arteries. 

This will also be done to provide the Flowlab construction with appropriate measurements 

for the coronary simulation pipe, and input data for its final design.  

 

The Flowlab construction will then be tested to verify the accuracy of the produced values 

compared with the sought after values of pressure and flow, to further enable an 

adjustment of the system.  

 

The results from the test show that the final calibration of the simulation environment was 

not sufficient to produce an accurate result for both pressure and flow regulation, only flow. 

The flow had an accuracy of 10 %, while the generated pressure was underestimated at low 

pressures and overestimated at high pressure at up to 20 %. An accuracy of 10 % for 

generated flow is satisfying and sufficient; meanwhile the pressure calibration had to be 

altered for more reliable data.  

 

The analysis also revealed several shortages in the design of the Flowlab system that needed 

to be adjusted for more consistent pressure and flow measurements. 
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SAMMANFATTNING 

Syftet med detta examensarbete har varit att validera kranskärlsfantomen kallad Flowlab, 

identifiera begränsningar och potentiella problem, samt ge förslag till förbättringar. Flowlab 

imiterar arteriella egenskaper såsom tryck och flöde, vilket tillhandahåller en 

simuleringsmiljö som möjliggör mätning av det volymetriska blodflödet och arteriella 

blodtrycket i kranskärlen. Jämfört med nuvarande simuleringssystem, kommer Flowlab ge en 

bättre förståelse för både position och svårighetsgrad av hjärt-och kärlsjukdomar, samt förse 

med viktig information kring hemodynamiken i hjärtats kranskärl. 

 

För att förstå fluiddynamik av kranskärlssystemet och få en djupare förståelse av den 

arteriella funktionen och fysiologin, inleddes detta examenarbete med en förberedande 

faktainsamling om kranskärlens anatomi, fysiologi och hemodynamik för att ytterligare förse 

Flowlab konstruktionen med lämplig data för den slutgiltiga konstruktionen.  

 

Flowlab undersöktes vidare för att få en förståelse av sambandet mellan genererat tryck och 

flöde, men även för att ytterligare möjliggöra en kalibrering av simuleringssystemet. 

Justeringarna av genererat tryck och flöde validerades därefter för att kontrollera 

nogrannheten av de producerade värdena jämfört med de eftertraktade värdena för tryck 

och flöde.  

 

Resultaten från testen visar att den slutliga kalibreringen av simuleringsmiljön inte var 

tillräcklig för att ge ett noggrant resultat för både tryck och flödesreglering, utan endast 

flöde. Flödet hade en noggrannhet på 10%, medan det genererade trycket underskattades 

vid låga tryck och överskattas vid högt tryck vid upp till 20%. En noggrannhet på 10% för 

genererade flödet är tillfredsställande och tillräckliga, under tiden trycket kalibreringen 

måste förändras för mer tillförlitliga uppgifter. 

 

Analysen visade också flera brister i utformningen av Flowlab system som behövde justeras 

för mer konsekvent tryck- och flödesmätning.   
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ABBREVATIONS 

RCA    Right Coronary Artery 
 

LCA   Left Coronary Artery 

 

LAD   Left Anterior Descending artery 

 

PDA   Posterior Descending Artery 

 

LCx   Left Circumflex Artery 

 

pLAD   proximal Left Anterior Descending artery 

 

dLAD   distal Left Anterior Descending artery 
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1. Introduction 

St Jude Medical Incorporation is a global leading company in medical technology, mainly 

focused on developing medical equipment and services for treatment of cardiac diseases, 

neurological diseases and chronic pain. The world center for development of products for 

coronary diagnostic is located in Uppsala, north of Stockholm.  

 

The St Jude Medical Inc. is developing a phantom of the coronary arteries (shown in Fig 1.1) 

that will be able to simulate the characteristics of an artery. The characteristics in focus will 

be the arterial blood pressure and volumetric coronary blood flow. The phantom will 

simulate different sections of the coronary arteries and generate the specific pressures and 

flows corresponding to each section. The values generated in the phantom will be based on 

theoretical values of the hearts coronary circulation, estimated in this thesis.  

 

The phantom simulating the coronary arteries is called Flowlab and is based on two gear 

pumps that are controlled separately, with the purpose of creating a pressure and flow on 

the fluid circulating the system. Linking the two pumps is a glass pipe with three different 

lumen radiuses, representing different sections of the coronary arteries.  

  

Figure 1.1.: The Flowlab design. 



2 

 

Flowlab will function on software feeding a microprocessor with specific data in order to 

regulate the pumps in the system that generates pressure and flow. 

 

 

 

1.1 Purpose and methodology 

The purpose of this thesis is to determine the accuracy of the simulated output values of 

arterial pressure and volumetric blood flow in the glass pipe simulating the coronary arteries 

in the phantom. The generated output values will be compared with the estimated input 

values, with the aim of validating the final construction and its ability to generate desired 

pressure and flow.   

 

The issue at hand is to identifying the input parameters for the pumps that generate any 

desired flow and pressure output. The process in order to determine the accuracy and 

identify input parameters will be performed in several steps.  

 

The first step will be to gather information about the coronary arteries physiology and fluid 

dynamics. This to understand how and in between what ranges the coronary blood flow 

circulation functions. Since it is not possible (with current technology) to measure flow 

directly in the distal coronary arteries, the values for volumetric coronary blood flow need to 

be established through other methods. 

 

An overall view of the circulation of blood in the coronary arteries gives an estimation of the 

amount of blood that comes in to the coronary system and is divided between the different 

branches of the coronary arteries. The distribution between the branches can thereafter be 

modeled through an electrical analogue of the coronary arteries into input data for Flowlab.  

 

The third step is to calibrate the Flowlab system. This will be done by determining the 

connection between the generated pressure and flow through an equation. The equation 

will be used to adjust the generated output values of pressure and flow, in order to adapt 

the output values according to the input values. 

 

The validation of the Flowlab system is the fourth and final step in this thesis. A comparison 

is made between the generated values of pressure and flow, and the theoretical values used 

as input data. 
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1.2 Goals 

The goals to achieve are the following: 

 

 To state the appropriate measurements of the glass pipe needed to construct a 

simulation of the coronary arteries. 

 

 To assess the amount of coronary blood flow that is distributed to each section of the 

coronary arteries.  

 

 The validation of generated values has to be made on pressures between 30,0 and 

200,0 mmHg and on flows between 30,0 and 200,0 ml/min.  

 

 To be able to generate pressures and flows in the glass pipe within a range of 10% 

accuracy.  

 

 Both pressure and flow will be calibrated for, but pressure can be altered through 

suitable algorithms. The evaluation of Flowlab will therefore primarily be based on 

assessing the adjustment regarding ability to generate applied flow values in the 

glass pipe. 

 

 Identify limitations and potential problems and provide suggestions for improvement 

of Flowlab. 

 

Based on this thesis’ specifics about arterial function and measurement, Flowlab will then 

designed and built by St. Jude Medical Inc. 

 

Due to time constraints this thesis is only covering non-pulsating flows. The main focus was 

to adjust the linearity of the two micropumps in the Flowlab construction, and validate the 

system thereafter. 
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2. Background: The coronary arteries 

In order to understand how to construct the glass pipe simulating the coronary arteries and 

in between what ranges of arterial pressure and volumetric blood flow the coronary arteries 

function in, the first step is to understand the physiology, hemodynamics, and regulation of 

blood flow in the coronary arteries. This chapter will provide the basic knowledge of the 

coronary arteries needed to understand how to simulate the blood flow of the coronary 

circulation. 

 

 

 

2.1 The anatomy of the coronary system 

The major epicardial coronary arteries branches out from each side of the aorta as the left 

coronary artery (LCA) and the right coronary artery (RCA), shown in Fig 2.1.  

 

LCA and RCA branches out to smaller arteries and arterioles penetrating into the 

myocardium and branches into the coronary micro-circulation [1]. The coronary micro-

circulation is surrounded by smooth muscle cells and consists of a network of arterioles, 

capillaries, and small veins or venules intersecting the myocardium for oxygen and nutrient 

exchange [2].  

 

LCA divides into two branches; the left anterior descending artery (LAD) and the left 

circumflex artery (LCx) [3]. The marginal branches on LCx in this thesis are in this thesis 

called M1 and M2.  

 

The major RCA branches out between the right atrium and right ventricle and continues as 

the posterior descending artery (PDA) on the backside of the heart. PDA divides into two 

marginal branches; the acute marginal artery (AM) and the AV (atrioventricular) node branch 

[4]. 
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The coronary artery names given in this thesis are based on the names given by Robin 

Smithuis and Tineke Willems from the Radiology department of the Rijnland Hospital 

Leiderdorp and the University Medical Centre Groningen in the Netherlands [5]. 

 

 

2.2 Regulation of the coronary blood flow 

LAD and LCx supply blood to the main part of the hearts left side, which encloses the left 

atrium and left ventricle. The left side of the heart has a much larger muscle volume than the 

right side because of the amount of strength needed to supply the whole system circulation 

with blood. An extensive amount of muscles also demand a much larger amount of oxygen, 

resulting in a much larger branching tree on LCA than on RCA. [6,7]. 

 

Regulation of blood flow will therefore differ between the RCA and LCA. As the RCA has a 

lower myocardial blood flow, the vessel resistance caused by a metabolic activity will be 

enough to regulate the blood flow to the myocardium. Meanwhile, the LCA has a larger 

myocardium and undergoes a much larger contraction during the cardiac cycle and will 

therefore be primarily driven by the aortic pressure to receive the needed amount of blood 

[8].  

Figure 2.1.: The coronary system. Left Coronary Artery (LCA), Left Anterior Descending 

artery (LAD), Left Circumflex artery (LCx), Right Coronary Artery (RCA) and Posterior 

Descending Artery (PDA). 

 (Source: http://www.chop.edu, 2013) 

http://www.chop.edu/
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The calibrations of the Flowlab system will therefore focus mainly on the measurements of 

the LCA and not RCA, since the blood supply to the RCA is regulated by the oxygen demand 

and not by the aortic pressure. 

 

As the heart is contracting during systole, when the left ventricle squeezes out blood to the 

systemic circulation, the left heart muscle contracts and increases in size. The myocardial 

vessels that are imbedded in the myocardium experiences a pressure because of the 

contraction, causing a blockage in the blood flow. The flow reduction effects the major 

coronary arteries on the outer surface of the heart, since the blood has nowhere to enter. At 

this point, the coronary blood flow is close to zero, because of the myocardial contraction. 

 

For the blood to be able to suffuse the myocardial, the cardiac cycle has to enter the 

relaxation phase again in diastole, labeled in red in Fig 2.2. During diastole, the cardiac 

muscles relax and there is a low pressure against the coronary vessels.  

 

 

 

 

 

 

 

 

The coronary blood flow rises in the left coronary artery when there is a low pressure in 

diastole, but remains in a constant autoregulated flow in the right coronary artery. The 

Figure 2.2.: The differences in coronary blood flow through the left and right sides of the 

heart during systole and diastole. The figure show how the coronary arterial blood flow 

occurs mainly during diastole. 

(Source: Berne and Levy5th, 2012) 
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relation between systole and diastole in a cardiac cycle creates a pulsating flow in the 

coronary arteries [9]. 

 

An increase of blood flow in the coronary arteries is called hyperemia. Hyperemia is often 

induced by drugs like adenosine for diagnostic reasons, and occurs only at the specific area 

where the affected tissue is. The escalation of blood flow when hyperemia is forced upon 

the heart can be used to give an indication of the vessels condition and ability to function as 

expected. Corresponding hormone for a decrease of blood flow is epinephrine, produced by 

neurons in the central nervous system. The epinephrine signals the smooth muscle cells to 

relax, causing a decrease of blood flow [10].   
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3. Designing the glass pipe for Flowlab 

The anatomy and the coronary blood flow were described in the previous chapter and it is 

time to determine how to establish the two variables in the Flowlab system: pressure and 

flow. This chapter will describe the different methods used to determine pressure and flow 

in different sections of the coronary arteries, and what sections that are of interest to 

validate against output values generated by Flowlab. 

 

Since no technique is available to measure blood flow in the marginal branches of the 

human coronary arteries, no experimental data is available regarding flow measurements of 

the distal coronary circulation. An analogy between an electrical circuit and the coronary 

system has been used in order to estimate the volumetric blood flow in the coronary system.  

 

The program PSPICE for electrical circuit simulation will be used to simulate the coronary 

circulation. The simulation will determine in between which flow ranges the input 

parameters needs to function in.  

 

In the following section, the analogy between the coronary arteries and an electrical circuit 

will be explained and further described, and also how the analogy provides applicable input 

data for the simulation system Flowlab. 

 

 

3.1  Sectioning the coronary arteries 

The first step to create an electrical circuit of the coronary circulation is to outline the 

coronary arteries and corresponding branches. Each section has been numbered to make it 

easier to understand which section is being simulated. Fig 3.1 illustrates the sectioning of the 

right coronary arteries.  
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The coronary branches outline this thesis is based on the anatomy of a life size heart model 

from Scientific Publishing Ltd [12]. The coronary arteries on the life sized heart model are 

shown in Fig 3.2 and Fig 3.3.  

 

 

Figure 3.2.: The terminal branches of the RCA; the right coronary branch (1), the AM 

marginal branch (2) and the AV node branch (3) and the PDA (4). All these branches 

has a diameter larger than 2,0 mm and are therefore of interest for Flowlab. 

Figure 3.1.: Numbering of each section of the coronary artery tree, on the life sized heart 

model and on the electrical simulation circuit. The base of each branch is labeled as R or L 

for right and left, and further with A, B or C. The next coming section on each branch has 

1, 2 or 3 for the first branch and 11 or 12 for the second branch. 
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3.2 Ranges for simulated pressure in Flowlab 

The pressure Flowlab needs to generate in order to simulate authentic values of the 

coronary circulation is based on Fig 2.2 by Berne and Levy, on page 7. The figure 

demonstrates how the maximum pressure during systole is 120,0 mmHg and levels down to 

approximately 80,0 mmHg during diastole.  

 

These ranges can change during cardiovascular diseases, causing a raised or lowered 

pressure in the coronary arteries, but for Flowlab to simulate realistic pressure values the 

required generated pressure need to range in between 80,0 to 120,0 mmHg. 

 

 

 

  

Figure 3.3.: Marginal branches of the LCA, LAD and LCx. LAD (1) includes in this 

model two diagonal branches (D1 and D2). The terminal branches of the LCx (2) 

include two marginal branches (3) and the distal LCx segment (4). 
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3.3   Ranges for simulated flow in Flowlab  

The closed system of the coronary arteries can in many ways be compared to an electrical 

circuit, where laws such as Ohm´s law and the voltage law can be applied, making it possible 

to develop a resistive electrical simulation of the coronary circulation. 

 

Ohm´s law (eq. 3.2) can be used as an analogue of eq. (3.1) for blood flow, which states that 

the coronary blood flow is regulated by the pressure drop in a vessel in relation to the 

peripheral resistance [9].   

 

By determining the current I, the voltage V, and the resistance R in a circuit, a complete 

description of the electrical state of the circuit is achievable and thereby also the blood flow 

circulation in the coronary arteries.  

 

Blood flow 

 

    
  

   
                                 

 

 

Ohm’s law 

 

    
 

 
                                

 

                          

where:      Q is the blood flow, ml/min. 

               ΔP is the pressure drop, mmHg. 

               RPR is peripheral resistance, Pa·s/m³. 

where:      I is the current, Ampere [A]. 

      V is the voltage, Volts [V].  

                  R is the resistance, Ohm [Ω]. 

 

The peripheral resistance in a vessel is further determined by the vessel length (l), the blood 

viscosity (ƞ) and the radius (r) of the vessel, where the resistance is directly proportional to 

the vessel length:    

 

       
   

  
             

 

where:  ƞ  is the viscosity of the fluid, Pa s.  

l is the length of the lumen, mm.  

r the radius of the lumen, mm. 
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3.3.1 Description of the electrical simulation of the coronary arteries 
 

By calculating the peripheral vessel resistance in eq. (3.3) and inserting these values as the 

resistance in the electrical simulation, the analogy from the rules of Ohm’s law and the 

voltage law in the circuit will give an estimation of how much of the original amount of blood 

that comes in to the coronary system divides to the different marginals and branches of the 

coronary arteries.  

 

The length and radius of each vessel on the life sized heart model were measured in order to 

determine the peripheral resistance of each branch, presented in Tab 3.1. In order to 

simplify the calculus for resistance in the electrical simulation, the actual value of PPR can be 

determined from the values in Tab. 3.1 by multiplying the viscosity of the fluid used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 9.1 includes all the measurements for the right and left coronary arteries and 

branches and their respective resistance. 

 

These chosen sections are also being chosen based on the effect an inserted PressureWire® 

has on the coronal blood flow. The following equations will give an estimation of the 

resulting distortion the PressureWire® has on the blood flow when inserted.  

 

 

Length  Diameter radius PPR 

 

[mm] [mm] [mm] [Pa·s/m³] 

LM 32,85 4,35 2,18 1,45 

pLAD 11,28 3,64 1,82 1,03 

dLAD 30,20 2,43 1,22 13,86 

D1 8,36 1,84 0,92 11,67 

D2 10,23 1,70 0,85 19,60 

pLCx 33,50 3,58 1,79 3,26 

dLCx 17,36 1,93 0,97 20,02 

M1 12,18 2,42 1,21 5,68 

M2 44,92 2,06 1,03 39,91 

Table 3.1.: Measurements and peripheral resistance of arteries on the LCA. 
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Blood flow in a vessel is calculated by eq. (3.1), where the relation between eq. (3.1) and 

(3.3) show that the flow is changing proportional to r4. Eq. (3.2) shows a proportional 

relationship between the pressure drop and the blood flow with the peripheral resistance: 

 

 

∆P ~Q PPR              

 

 

Which in turn show that the peripheral resistance of the vessels shown in eq. (3.3) is 

proportional to the lumen radius, and further proportional to the cross-sectional area in the 

lumen: 

 

 

      
 

  
   

 

  
              

 

 

where:  R is the peripheral resistance, Pa·s/m³. 

r is the lumen radius, mm.  

A is the cross-sectional lumen area, mm2. 

 

 

By combining eq. (3.1) and (3.5), the blood flow is shown to be proportional to the cross-

sectional lumen area in a vessel: 

 

 

Q ~A2              ) 

 

 

The pressure drop over the blocked vessel with the PressureWire® inserted is the same as 

the pressure drop over an unblocked vessel, resulting in the blood flow being proportional to 

A2 as well. The ratio of the blocked blood flow to the unblocked blood flow is thereby given 

by the following equation: 

 

 

        

          
 

        
 

          
  

                 

          
         ) 
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The narrowest selected coronary vessel has a diameter of 2,00 mm and the PressureWire® 

has a diameter of 0,360 mm. When measuring pressure in the finest vessels of 2,00 mm, the 

effect the PressureWire® has on the blood flow is a results of the ratio between the blocked 

blood flow and the unblocked blood flow: 

 

 

        

          
 

(        
      

 )
 

(        
 )

  
(                 )

 

          
            ) 

 

 

If the vessel is 2,00 mm, the PressureWire® would then effect the pressure up to 6% when 

inserted, causing a distortion in the resulting measured pressure. This also means that we 

can only measure in the coronary arteries with a vessels width of 2, 00 mm or wider.  

 

The structure of the major coronary arteries and corresponding branches was outlined with 

the simulation program PSPICE for electronic circuits. Each circuit in the simulation 

represented a coronary vessel and was given a specific resistance according to the previous 

measurements in Tab. 3.1. 

 

 

 

3.4  Percentage of blood flow and pressure deviations 

The conservation of mass states that same amount of blood that enters the circulatory 

system must come out. This can be compared with the current law that states that the sum 

of the currents into any junction is equal to the sum of the currents out.  

 

To apply the analogy between the current in an electrical circuit to determine the blood flow 

in the coronary system, an electrical circuit was made. 

 

The current, I, in the electrical circuit is set to 1,00 A. By dividing the current in one of the 

branches in the electrical circuit with the current from the first wire in the electrical circuit, 

the value becomes dimensionless and gives instead a percentage fragmentation of the 

current to each branch, which is the corresponding percentage of blood flow that is divided 

to the equivalent branch in the coronary system. Tab. 3.2 shows how the current is divided 

between the various branches, accordingly to Ohm´s law. 
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Appendix 9.3 includes tables of the blood flow percentage and pressure differences for all 

the branches and marginal on both the left and right side. 

 

The same ratio is obtainable for calculating the pressure drop that occurs in the coronal 

branches. As the current in the circuit is comparative to the blood flow, the voltage in the 

circuit is proportional to blood pressure. The analogy of a pressure drop in percentage can 

be calculated by dividing the voltage at a chosen branch with the first wire in the circuit that 

was set to 1,00 V. 

Resulting values of pressure and flow needed to be produced by Flowlab in order to simulate 

the coronary arteries are based on values from Fig 2.2 on page 7, by Berne and Levy.  Fig 2.2 

show the maximum blood flow in LCA is approximately 100,0 ml/min. The blood flow in the 

distal coronary arteries will therefore vary between 6,0 ml/min to 68,0 ml/min, according to 

Tab. 3.2.  

 

  

                   Baseline Hyperemia 

         I/I0     V/V0 I/I0 V/V0 

LM 1,00 1,00 

 

1,00 1,00 

pLAD 0,68 0,97 

 

0,67 0,87 

dLAD 0,06 0,94 

 

0,06 0,76 

D1 0,37 0,96 

 

0,37 0,86 

D2 0,19 0,94 

 

0,18 0,78 

pLCx 0,32 0,97 

 

0,33 0,87 

dLCx 0,06 0,95 

 

0,07 0,81 

M1 0,19 0,96 

 

0,19 0,84 

M2 0,06 0,95 

 

0,07 0,81 

Table 3.2.: Percentage of blood flow and pressure in the left coronary arteries at baseline 

and hyperemia. For example; 68% of the blood flow enters pLAD in baseline, while only 

6% reaches the distal marginal branch M2. 
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3.4.1 Myocardial resistance 
 

It is also of importance to have the myocardium in mind when arranging the circuit 

resistance. Each circuit that represents a branch that goes down into the myocardium has to 

have an additional resistance that is equivalent to the resistance the myocardium execute on 

the coronary arteries. During systole when the heart is contracting, the increase of muscle 

volume effects the vessels ability to expand. The aortic pressure rises and the raised 

pressure on the vessels from the enlargement of the myocardium narrows the ability for 

blood to pass. This blockage can be compared with a resistance in a circuit, where the 

resistance functions as a blockage not letting the current to pass through.  

 

The decision of myocardial resistance will be based on three statements that will be taken in 

consideration: 

 

1. The first statement is regarding the unequal muscle size the left and the right side of 

the heart has. Since the left side has a much larger muscle volume than the right 

side, the left side of the heart will be in a need of a much larger amount of blood, 

resulting in a higher blood flow and likewise a higher current to the left side than to 

the right side. 

 

2. The vessels also experiences a much larger amount of pressure from the 

surrounding muscles on the left side, because of the larger amount of muscle 

volume; hence have a larger circuit resistance on the left side than on the right side. 

 

3. When hyperemia is induced, the coronary arteriolar vasodilatation increases from a 

resting state at baseline to a mean coronary blood flow from approximately 0.5 to 

4.0  
  

     
 [13]. The hyperemia causes the vessel resistance to decrease, allowing the 

vasodilatation to take place. The hyperemia will consequently results in a higher 

myocardial resistance in baseline than in hyperemia. 

 

 

These three statements results in the following circuit: the myocardial resistance was set to 

20,0 kΩ  on the left coronary arteries and 60,0 kΩ on the right side in baseline, and 4,0 kΩ on 

the left side and 10,0 kΩ on the right coronary arteries during hyperemia.  

 

The complete electrical simulation for the right coronary arteries and the left coronary 

arteries are showed in Appendix 9.2. 
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Evaluation of ratio of the chosen myocardial resistance 

An evaluation was made to assess if the ratio between chosen myocardial resistances in the 

circuit was accurate. By placing an theoretical stenosis in one of the marginal branches in the 

electrical simulation of the coronary arteries, see Fig 3.5, a correlation between a natural 

stenosis in the coronary arteries and the theoretical stenosis with normalized pressure and 

flow should occur; a significant pressure (voltage, V) drop over the stenosis when exposed to 

hyperemia and a decrease of blood flow (current, I) to the affected branch. 

 

The theoretical stenosis was placed in the diagonal branch M11 on the marginal branch M1 

of midLCx and set to a resistance of 0, 8 kΩ to simulate what theoretically should cause a 

significant blockage.  

 

 

 

Figure 3.4.: A cutting from the electrical simulation circuit of the first marginal branch 

on LCx, M1, during baseline. 
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Tab. 3.3 show the percentage of pressure (voltage, V) and flow (current, I) to each branch 

when the theoretical stenosis is applied, made with both baseline and hyperemia 

resistances.  

 

 

 

 

 

 

 

 

 

 

 

                     Baseline Hyperemia 

 

Q/Qbaseline P/Pbaseline  Q/Qhyperemia P/Phyperemia 

LM 1,00 1,00  1,00 1,00 

pLCx 0,314 0,97  0,319 0,87 

LCx 0,127 0,96  0,136 0,84 

M1 0,187 0,96  0,184 0,84 

Stenosis 0,061 0,95  0,056 0,81 

M11 0,061 0,91  0,056 0,67 

dM1 0,126 0,95  0,128 0,81 

dM11 0,063 0,94  0,064 0,77 

dM12 0,063 0,94  0,064 0,77 

Figure 3.5.: The artificial stenosis during hyperemia, placed on the 

diagonal branch M11 of midLCx. 

Table 3.3.: Percentage of blood flow and pressure drop on LCA in baseline and 

hyperemia, with stenosis. 
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The results in Tab 3.3 show that the normalized flow through M1 during baseline resulted in 

a value of 18,7 % while the normalized flow over the same branch in hyperemia decreased 

to a value of 18,4 %, as an effect of the theoretical stenosis. This is not a significant change, 

however the normalized pressure proximal the stenosis in M1 during hyperemia was at 84 % 

and dropped to 67 % distal the stenosis in M11.  

 

Thus, there is a normalized pressure drop in baseline, but not as significant as seen during 

hyperemia. The difference between the pressure drop during hyperemia and baseline shows 

that the ratio of myocardial resistance during baseline and hyperemia in the circuit is 

legitimate which establishes the hypothesis made prior the evaluation to be true. 
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3.5 Sections of interest to validate against simulated values 

generated by Flowlab 

 

 

 

 

 

 

In order to verify the input parameters of pressure and flow in the glass pipe (Fig. 3.6), 

specifics sections of the coronary arteries will be chosen to function as reference sections. 

Fig 3.7 and 3.8 shows the selected regions of the LCA and RCA.   

 

The larger arteries in the coronary system and represent by these means the section in the 

glass pipe with an inner diameter of 4,0 mm are LM, pLAD and pLCx. LAD1 and dLAD 

represents the middle area with a diameter of 3,0 mm and D2, dM1 and dLCx represents the 

narrowest part of 2,0 mm in inner diameter.   

Figure 3.6.:  The glass pipe is sectioned in three different diameters, 

representing different areas of interest on LCA and RCA.  
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The same concept will be implemented on the right coronary arteries, seen in Fig 3.8. RM 

and PostA are the largest vessels in the right coronary system and thereby representing the 

section in the glass pipe with an inner diameter of 4, 0 mm. RC3 and dPDA represents the 

section of 3,0 mm, and the smallest vessels RC1A, RC32, AM3, AM5 and AV-node represents 

the section of 2,0 mm. 

 

 

LCA 

 

DIA 

    

 

  [mm] P/Pbaseline Q/Qbaseline P/Phyperemia Q/Qhyperemia 

0 LM 4,35 1,00 1,00 1,00 1,00 

1 pLAD 3,64 0,97 0,684 0,87 0,674 

2 LAD1 2,57 0,96 0,311 0,86 0,307 

3 D2 1,7 0,94 0,186 0,78 0,181 

4 dLAD 2,43 0,94 0,062 0,76 0,062 

5 pLCx 3,58 0,96 0,316 0,87 0,326 

6 dM1 1,74 0,95 0,125 0,8 0,126 

7 dLCx 1,93 0,95 0,064 0,81 0,068 

Figure 3.7.: Specific areas of interest on LCA are marked on the life sized 

heart model. Each number in the figure is comparable with Tab 3.4. 

Table 3.4.: Selected regions of interest on LCA. 
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RCA 

 

DIA 

  

  

 [mm] P/Pbaseline Q/Qbaseline P/Phyperemia Q/Qhyperemia 

0 RM 3,48 1,00 1,00 1,00 1,00 

1 RC1A 1,88 0,98 0,134 0,91 0,149 

2 RC3 2,84 0,96 0,173 0,81 0,17 

3 RC32 1,33 0,95 0,087 0,78 0,086 

4 PostA 4,72 0,96 0,474 0,81 0,454 

5 AM3 2,07 0,95 0,214 0,74 0,201 

6 AM5 1,87 0,94 0,086 0,73 0,08 

7 AV node 1,82 0,95 0,043 0,77 0,043 

8 dPDA 2,37 0,95 0,043 0,76 0,042 

Figure 3.8.: Specific areas of interest on RCA are marked on the life sized 

heart model. Each number in the figure is comparable with Tab 3.5. 

Table 3.5.: selected regions of interest on RCA 
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4. The Flowlab construction 

The theoretical parameters for the Flowlab model is now determined, and it is time to 

transform our understanding of the heart and the theoretical parameters into the simulation 

environment, Flowlab. Flowlab will simulate different sections of the coronary arteries with 

the dimensions 2,0 mm, 3,0 mm and 4,0 mm and generate the specific pressure and flow 

corresponding to each section. 

 

Flowlab is based on software which feeds a microprocessor with specific data in order to 

regulate the pumps in the system that generates pressure and flow. Hardware based on the 

values the theoretical investigation of pressure and flow is constructed to simulate pressure 

and flow, where both software and hardware will be built by St Jude Medical Inc. 

 

 

4.1  System description 

The Flowlab system is based on two gear pumps that are controlled separately, with the 

purpose of creating a pressure and flow on the fluid circulating the system. The glass pipe 

linking the two pumps is divided in three sections, each with different lumen radiuses of 

2,0mm, 3,0 mm and 4,0 mm, and a total length of 50,0 mm. The glass pipe represents the 

coronary arteries and is also where the measurements with the PressureWire®, or any other 

suited measuring instrument, takes place. 

 

Pressure and flow are generated in Flowlab by two subsequent micropumps. The pumps are 

regulated by a microprocessor situated beneath the steel case of Flowlab. The first pump is 

placed in the beginning of the Flowlab system and the second pump is placed at the end of 

the system. The first pump will be the source of pressure since the first pump pushes volume 

forward into the glass pipe creating a pressure in the glass pipe. The pressure would be 

unmanageable for the glass pipe to handle if the second pump did not create suction on the 

fluid. The second pump will therefore be the source of flow, since the second pump is the 

only factor that can effect the fluids movement. 

 

The pumps will be managed separately through a LabVIEW program. Each pump will be fed 

with different pulsations from the microprocessor, making it possible to control pressure 

and flow in the glass pipe separately. By being able to control the pump for pressure and the 

pump for flow independently, a wider range of output values will be achievable.   
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The pumps used in Flowlab are two micropumps consisting of two connected magnets, 

shown in Fig 4.2. The first magnet is a driving magnet attached to the motor shaft and the 

second magnet is connected to the driving gear, where the two magnets function 

automatically without physical contact.  

 

When the fluid enters the cavity of the pumping gear, the magnets rotate the cogwheels so 

that the cogwheels capture the fluid in the space between the gear teeth to carry the fluid 

through the pump.  

 

The fluid used in Flowlab has a density too sheer for the cogwheels to handle, causing a slip 

between the upper and lower wall of the pump capsule and the vertical side of the 

cogwheel. The slip allows an additional amount of fluid to pass when the pumps are rotating, 

but also when the cogwheels stand still. This will be regulated by rotating the pumps 

backwards as well, to create a back flow on the fluid and thereby compensate for the slip. 

 

 

 

Figure 4.2.: Magnetic driven pumping gear. 

(Source: http://www.processpumps.com, 2013) 
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4.1.1 Pressure and flow generated by the simulation environment 
 

Pressure is a physical quantity that describes the ratio between a force applied to an area 

and the area itself [14]. The pressure generated in the simulation environment Flowlab is a 

result from a force developed by the micropumps on the fluid.  

 

By determining the performance of the pumps at a certain speed, the capacity and behavior 

of that specific pump at different number of revolutions can be known [15]. This will give an 

understanding of how to manage the two subsequent micropumps, and the effect they have 

on each other.  

 

The affinity law explains the mathematical relation between flow, number of revolutions and 

pressure in a pump. There are two arrangements of affinity laws; the first one is used for a 

specific pump when approximating pressure and the capacity of pumps with different motor 

speeds and/or different diameter of impellers. The second set approximates the same 

properties, but regarding pumps with geometrical differences.  

 

The set used for the micropumps in Flowlab is the law regarding a specific pump.  

 

The affinity law for volume capacity is:  

 

 
  

  
  

  

  
                

 

Where: Q is the volume flow capacity, m3/s and N is the wheel velocity, rpm. 

 

The affinity law for pressure is: 

 

  

  
  

  

  
                   

 

Where: P is pressure, Pa.    

 

The relation between pressure and flow in in eq. (4.1) and (4.2) show that the flow is directly 

proportional to the pump speed, meanwhile the pressure is proportional to the square of 

the pump speed. Fig 4.3 shows the relation between pressure and flow in a pump. 
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Since there are two subsequent pumps in the Flowlab system, the pressure in this system 

will be slightly different than proposed by the affinity laws. Since the first pump will be 

pushing the fluid forward in the system, and the second pump rotating in the same direction 

as the first pump will act as a suction on the fluid, produced pressure will be the square of 

the difference in rotation per second each pump has. 

 

 

         
         (     

 

 

Where: N1 is the first pump and N2 is the second pump, measured in rotation per second. 

1000 rot/s applied on the pump equals 1 rev/s on the pump. 

 

  

Figure 4.3.: The relation between pressure and flow based on the affinity laws, where the 

wheel diameter is constant and the wheel velocity is changing.  

The figure shows how the flow is linear with the wheel velocity, while the pressure is not.  

(Source: http://www.engineeringtoolbox.com, 2013) 



29 

 

4.1.2 Atmospheric pressure 
 

The pressure in the atmosphere has an effect on the speed of a fluid in a pipe. If a region has 

a higher atmospheric pressure than another region in the same streamline, the fluids speed 

increases when moving from the region with a high pressure to the region with a lower 

pressure. The principle does also work the other way around, consequently, when a fluid is 

moving horizontally the highest speed occurs where the atmospheric pressure is the lowest, 

and the lowest speed occurs where the pressure is the highest [16].  

 

This has to be taken in consideration when calibrating the system, to make sure that the 

pressure is reliable between measurements.  

 

4.1.3  Temperature regulation of the fluid  
 

The fluid circulating the system and interpreting blood is a glycerol blend that contains 45% 

glycerol and 55% water, giving a similar viscosity as blood. It is of importance to keep the 

temperature in the simulation system regulated, given that the glycerol blend is extremely 

temperature sensitive and changes density in different temperatures. Cooling of the fluid 

changes the fluid density and will thereby change the slip in the pumps, which eventually 

also alters the calibration accuracy of the system.  

 

Flowlab has an external heating bath that is connected to the metal base construction with 

elevated edges. The heating bath from Lauda is connected to a submersion on the long side 

of the Flowlab, making the whole equipment inside Flowlab beneath water level. The heated 

water enters Flowlab through steel pipes that are elongated by a silicone tube to the other 

side of the metal base where the water is released. The heated water entering the system 

from the steel pipes creates a flow within the bath, regulating the temperature of the 

remaining Flowlab system. The water leaves the construction from the submersion and 

reenters the heating bath. 

 

To minimize cooling from the surroundings, the glycerol fluid is kept in a glass container, 

placed inside the heated water bath. Steel pipes are the main transporter of the fluid 

through the system and are approximately 4,0 m long and regulates the heated fluid to a 

steady temperature before it passes into glass pipe where the measurements take place. 

The glycerol blend is colored blue to act as a visual aid to see if a leakage takes place and 

from where it emerges.  
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Measurements made manually of the fluid determined appropriate temperature of the 

water bath that resembles the body temperature. The wanted temperature is 37,5 °C, which 

resulted in a temperature of 37,8 °C in the heated water bath. 

 

 

4.1.4  Measuring devices 
 

Pressure and flow are going to be controlled separately with different pulsations sent to 

each pump, and has therefore also to be measured independently of each other. The 

pressure will be measured with an AO-transducer (Aorta-transducer) positioned outside the 

Flowlab. The AO – transducer is connected to the beginning of the glass pipe through a 

catheter, see Fig 1.1. A second catheter can be connected to the other end of the glass pipe 

and can be used by any measuring device that is narrower than 2,0 mm and thereby a 

compatible diameter of the catheter. The AO-transducer is connected to a pressure monitor 

named Quantien from St Jude Medical Inc., for surveillance.  

 

Flow is measured by weighing the amount of fluid that leaves the system from the second 

pump. The pump is be connected by a silicone tube to a glass container placed on an 

electronic scale, measuring change of flow in ml/min through a LabVIEW program for 

graphical programming. 

 

 

4.1.5 Signal filtering by windkasels 
 

Disturbances appear in the fluid when the cogwheels in the pumps rotate, causing an 

instability in the signal, which is picked up by the AO – transducer. This is filtered by two 

windkasels, displayed in Fig 1.1, one placed after the first pump and the other before the 

second pump, with the glass pipe in between.  

 

The windkasels are filled with water and with an additional 10,0 ml of air. Disturbances in 

the system will go into the fluid inside the windkasels and be evened out thanks to the 

compressible air. The windkasels will act as a filter for the pressure signal to the AO-

transducer. Blood is considered as an incompressible fluid since the density change due to 

varying pressure is neglectable [17].  

 

A silicon tube is placed between the windkasel and the cogwheel pumps, instead of a steel 

pipe. The silicon tube is narrower than the steel pipes for a higher resistance, creating a 

better filter effect by the windkasels. This will be done because the windkasels itself are not 

completely sufficient to eliminate the disturbances in the signal. 
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4.2 Adjusting the simulation environment 

After constructing the system, the two micropumps generating pressure and flow have to be 

adjusted so that desired pressure and flow inside the glass pipe can be generated by steering 

the rotation speed of the two pumps.  

 

The measured values of pressure and flow will to be collected into matrices and then 

converted to equations for each pump by the incorporated plot program Curvefit in MATLAB 

for technical computing, to understand the linearity between the pressure and flow 

generated in the glass pipe.  

 

A pulsation to the steering electronics of 1000 pulses/s gives 1 rot/s on the pump and motor. 

The speed of the pumps varied from -500 rot/s, resulting in the pumps rotating backwards to 

overcome the slip in the pump, and 2000 rot/s. The values of pressure and flow will be 

measured continuously to create matrices over generated pressures and flows at different 

pump rotations, shown in Tab 4.1 and 4.2.In the tables, N1 is the first pump and N2 is the 

second pump.   

 

 

 

 

N1 N2    -500 0 500 1000 1500 2000 rot/s 

  -500        -3,3 16,9 42,9 72 102,9 137  

0      -24,2 -2,7 16,2 37,6 64,5 92,6  

500       -49,8 -25,6 -1,7 19,2 46,4 75,4  

1000        -82 -58,2 -23,1 -1,4 19,5 47,3  

1500     -114 -81,7 -50,5 -21,7 -0,3 21,3  

2000     -146,6 -123,2 -81,7 -48 -20,6 -0,4  

rot/s        

  

Table 4.1.: The resulting pressure generated by N1 and N2 at chosen rot/s. 

 The pressure is measured in mmHg. 
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The measured values of pressure and flow gives an understanding of the rot/s needed in 

order to generate a specific pressure and flow. For example, Tab. 4.1 shows that in order to 

get a pressure of 19,5 mmHg in the glass pipe, the first pump (N1) needs to rotate in 1000 

rot/s and the second pump (N2) at 1500 rot/s. 

 

Tab. 4.2 shows that the first pump (N1) needs to rotate 500 rot/s and the second pump (N2) 

at 1000 rot/s in order to generate a flow at 53,5 ml/min in the glass pipe. 

 

 

4.2.1   Calibrating the Flowlab micropumps 
 

Now that these two matrices (Tab 4.1 and 4.2) have been established, the microprocessor 

controlling the two micropumps can be calibrated in order to generate the desired pressures 

and flows.  

 

The affinity laws in chapter 4.1.1 explained how the flow is directly proportional to the pump 

speed meanwhile the pressure is proportional to the square of the pump speed. To adjust 

the two micropumps two equations will be used, where the pressure is determined by the 

square of the difference in rotations per second each pump has, as explained in eq. (4.3).  

 

The equations for each field were calculated by MATLAB, based on the pressure flow 

generated by the two subsequent pumps. Since the first pump will be pushing the fluid 

forward in the system, and the second pump rotating in the same direction as the first pump 

will act as a suction on the fluid, produced pressure will be the square of the difference in 

rotation per second each pump has (explained in chapter 4.1.1.): 

 

N1  N2 -500 0 500 1000 1500 2000 rot/s 

-500     -37,1 -19,5 -0,7 17,6 36,4 55  

0     -18,2 0 19,2 40,1 60,6 81,8  

500 0 16,2 34,5 53,3 71,2 89,8  

1000    25,5 36,4 58,6 73,9 91,4 110,7  

1500     46,1 61,3 77,9 95,4 108,7 127,2  

2000     65,9 74,9 96,4 114 130,2 142,8  

rot/s        

Table 4.2.: The resulting flow, generated by N1 and N2 at chosen rot/s.  

    The pressure is measured in ml/min. 
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The equation for generated pressure was then modified to allow for individual adjustments 

of each pump, introducing the coefficients a, b and c: 

 

                  
       (4.5) 

 

Where the coefficients a, b and c are fitting parameters. 

 

The coefficient c in eq. (4.5) generated by MATLAB resulted in a value of 5 10-8 rot/s which is 

a small value in context, suggesting to use a linear approximation for the pressure as a 

function of the pumps rotation speed. But since there is a slip in the cogwheels of the 

micropumps caused by the sheer density of the fluid, an extra constant term will be added 

to the ansatz function, see eq. (4.6). 

 

The new equation for pressure in the system was therefore chosen as: 

 

                          

 

Where: a is the offset value to overcome the slip in the micropumps, and b and c are the 

coefficients to adjust the rot/s of the micropumps. 

 

The coefficients adapt the system so that the generated pressure and flow operates more 

linearly. a, b and c were then created by MATLAB with 95% confidence bounds: 

 

        a =    -5.45 ± 3 mmHg 

     b =     0.05 ± 0.02  
    

   
 

c =   - 0.05 ± 0.02  
    

   
 

 

The equation to be fitted for flow is:  

 

                       

 

Fitting to data in Tab. 4.2 gives:  

 

d = 0.04 ± 0.01   
      

   
 

e = 0.04 ± 0.01  
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Our objective was to implement desired flow and pressure on the system by steering the 

rotation speed on the micropumps.  

 

Equation (4.8) and (4.9) are the equations for pressure and flow generated by the pumps N1 

and N2 at given rot/s, based on the generated coefficients a, b, c, d and e from MATLAB. 

 

 P                               

 

 

                           

 

 

The coefficients a, b, c, d and e are known from eq. (4.6) and (4.7), and P and Q are also 

known since they are the values we want to generate, which makes it possible from here to 

determine N1 and N2 at specific pressure and flows. 

 

The resulting rotations adapted to the pumps, in rot/s, are:  

 

                                 

 

 

                                    

 

The resulting equations for pressure and flow show that even when P and Q is set to zero, 

the pumps will still have to rotate because of the slip in the pumps. The first pump has to 

rotate forward with 53.8332 rot/s while the second pump has to rotate backwards with -

50.2378 rot/s for the fluid to maintain unpressurised and motionless. This is an artifact 

caused by the fact that the compensation for the pump slip has been introduced. Eq. (4.12 

and (4.13) are only valid for P and Q not equal to zero.  

 

Both the equations for N1 and N2 were then implemented into a LabVIEW program.    
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5. Results 

The results of the evaluation of Flowlab is primarily based on verifying the accuracy in the 

glass pipe, regarding ability to generate desired output values of pressure and flow 

compared with the input values. 

 

Desired output values were based on the assessments made from the electrical circuit. The 

results from the assessment show that the blood flow in the distal coronary arteries vary 

between 6,0 ml/min to 68,0 ml/min and the coronary pressure between 80, mmHg and 

120,0 mmHg, accordingly to Tab. 3.2 and Fig 2.2 by Berne and Levy on page 7. 

 

The equations used to steer the rotation speed in the micropumps and thereby generate 

desired output values of pressure and were:   

 

                                 

 

 

                                    

 

The ability of Flowlab to produce the desired values of pressure and flow was tested. Tab. 

5.1 and 5.2 display the generated pressure and flow when applying desired output values of 

pressure and flow. The column in the matrix (P) is the applied pressure and the row (Q) is 

the flow applied simultaneously.  

 

 
P Q  30 50 70 90 110 150 170 200 ml/min 

30 21 22 23 23 24 24 25 27  

50 43 43 42 42 43 44 45 46  

70 62 65 65 65 66 66 67 68  

90 87 87 85 88 89 89 90 91  

110 111 110 112 116 114 113 114 112  

150 160 162 163 162 166 166 162 166  

170 189 189 189 188 190 191 191 194  

200 232 231 231 232 230 229 236 238  

mmHg          

Table 5.1.: Measured pressure in the glass pipe, in mmHg.  
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The resulting deviations for flow were up to 30 % for pressure and 20 % for flow, which was 

not satisfying. The linearity in eq. (4.12) and (4.13) for N1 and N2 need therefore to be 

adjusted in order to generate more dependable values of pressure and flow.  

 

A suggestion is to raise the offset value and lower the coefficient for pressure in eq. (4.12). 

The resulting pressure should consequently rise since N1 gained a higher offset value, but 

also be more leveled between the overestimation and underestimation since the P-

coefficient also will be lowered.  

  

The new coefficients were chosen randomly but within a close range to see if the 

modification will affect the resulting pressure output. 

 

The adjusted equations for pressure and flow were as follow: 

 

                        5.1) 

 

 

                            5.2) 

 

 

  

P Q 30 50 70 90 110 150 170 200      ml/min 

30 31 51 70 90 108 147 166 193  

50 32 50 71 90 113 149 167 196  

70 30 54 70 90 110 150 168 197  

90 30 52 71 91 111 151 170 198  

110 31 53 72 92 111 151 170 198  

150 34 55 75 95 113 153 171 202  

170 35 56 76 96 114 152 172 203  

200 37 58 78 99 118 152 174 205  

mmHg          

Table 5.2.: Measured flow generated in the glass pipe, in ml/min.  
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The resulting pressure outputs after the alternation are shown in Tab 5.3 and Tab 5. 4. 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

The altered equations resulted in a much better outcome for the flow values. The flow 

deviations changed from 23 % down to 12 % with more even measurements throughout the 

whole flow range. With an ensuing deviation of less than 10 %, the alternation results in a 

reliable and satisfying outcome.  

 

P Q  30 50 70 90 110 150 170 200 ml/min  

30 18 18 18 18 19 20 21 24   

50 37 39 38 38 39 40 41 42   

70 59 60 58 59 60 61 62 62   

90 80 80 79 83 92 83 93 84   

110 103 106 104 109 106 106 107 104   

150 151 152 152 154 155 155 153 156   

170 178 178 178 179 179 182 179 183   

200 220 220 219 219 218 223 224 223   

mmHg           

P Q  30 50 70 90 110 150 170 200 ml/min 

30 30 50 70 90 109 148 166 193  

50 31 51 71 91 110 149 167 195  

70 31 53 70 89 110 149 168 197  

90 31 51 71 90 110 150 168 196  

110 31 52 72 92 110 149 168 196  

150 31 53 73 93 112 150 168 199  

170 32 54 73 94 112 150 168 200  

200 34 55 76 95 114 151 171 201  

mmHg          

Table 5.4.: Measured flow after adjustment, in ml/min. 

Table 5.3.: Measured pressure after adjustment, in mmHg. 
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The pressure however did not result in any improvements. The modification of the equation 

did not affect the pressure as envisaged. Nevertheless, the improvement in flow is enough 

for the calibration to be satisfying. The initiating method was to calibrate Flowlab for both 

pressure and flow, but since the desired pressure is achievable in various ways by suitable 

algorithms, Flowlab will not further calibrated for improved execution.  
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6. Discussion 

The purpose of this thesis was to validate the in-vitro heart phantom of the coronary 

arteries, called Flowlab. The results from the evaluation show high potential for Flowlab to 

be very useful for future pressure and flow simulations. However, the existing Flowlab 

phantom is not fully developed for definite simulations, but will definitely be a functioning 

base for forthcoming simulations.  

 

Overall construction is very important when adjusting the system in order to be able to 

generate the sought after pressures and flows. The calibration was based on how the 

Flowlab was constructed and how the two micropumps functioned together. Consequences 

from the Flowlab construction is enlightened and reflected on in this discussion, and 

propositions for suitable modifications are presented as well. 

 

 

6.1   Model limitations 

General focus when balancing the Flowlab system was on controlling the temperature when 

operating the system to minimize outer factors influence. To minimize annealing of the fluid 

and to keep the pressure and flow signals clear from disturbances was important to maintain 

the simulations as accurate as possible. The Flowlab construction and final calibration of the 

system elevated some needed adjustment for maximum performance.  

 

Aspects that are of importance for the Flowlab system and its final calibration are the fluid 

density, the performance of the micropumps and the overall Flowlab construction. When 

the conditions of these three elements are optimized, simulations of pressure and flow in 

the coronary arteries with an accuracy of 10%, will be achievable. 

 

 

6.1.1 The Fluid  
 

The calibration of the Flowlab system based on measurements made by the two 

micropumps required a fluid similar to both the blood density and blood viscosity. Different 

stages of the Flowlab system effected the fluid density causing significant irregularities on 

the generated values of pressure and flow.  
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Since the micropumps had a built-in slip between the rotating cogwheels, the fluid could 

bypass without any regulation. This is a known factor which was calibrated for with an offset 

value to overcome the slip. The calibration for this slip was based on a specific fluid density 

and thereby demanding the fluid density to maintain constant for the calibration to function.  

 

The steel pipes along with the heated water bath, are definitely an attribute to maintain a 

constant temperature and thereby minimize density changes. Yet, some aspects in the 

construction influenced the fluids density and need to be adjusted for a more stable system.  

 

The flow measurements for the calibration of the system took place on a glass container on 

an electronic scale outside the heated system, where the whole glass container was exposed 

to air. Fluid in the glass container experiences a cooling down effect from the surrounding 

air, changing the fluid density. The change of density effects the fluids weight, which in turn 

has a misleading impact on the system calibration.  

 

Another section of the Flowlab construction that effected the fluid density was the 

windkasels. Since the windkasels always had a section over the heated water bath, the top 

part of the fluid experience an annealing and consequently created a disturbance on the 

temperature regulation.  

 

Suggestions for improvement 

 Turning the Flowlab into a closed system during the weighing of the fluid is the main 

solution to overcome the density changes that effects both the volume 

measurements and the slip in the micropumps.  A closed system entails that the fluid 

reenters the same glass container as it originated from. Such a system would ease 

the maintenance of the temperature regulation, but consequently also require other 

methods than the electronic scale to measure flow. One alternative is to change the 

micropumps to a peristaltic pump, further presented in chapter 6.1.2. 

 

 A solution to keep the temperature regulated and maintain the fluid density in the 

windkasels is to shorten the windkasels height and widen them instead, allowing the 

same volume of air to be used for filtration.  

 

 To furthermore minimize contact with air is by elevating the edges of the Flowlab 

metal base fitting the whole windkasel under the water level. This would keep the 

entire fluid inside the windkasel at the same temperature as the surrounding water.  
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6.1.2 The micropumps performance 
 

Positive and negative aspects are to be found regarding the choice of pumps used in the 

Flowlab system. The positive aspect, and also the reason why these pumps were chosen in 

the first place, is because there is no direct contact between the two concentric magnets. 

This reduced the metal interference that generates noise and vibrations in the liquid. 

 

The negative aspect of using these pumps is that they are made to operate in a much higher 

speed than the speed they rotated in when generating pressure and flow in the Flowlab 

system. This allowed the fluid to bypass even when the pumps were turned off, resulting in 

an irregularity in the flow regulation as more fluid than estimated bypassed. 

 

The slip on the other hand functions as a security if the pressure in the glass pipe is too high 

for glass pipe to cope. Since the fluid is never fully blocked, the micropumps will experience 

a back flow to even out to elevated pressure.  

 

Suggestions for improvement 

 An alternative to overcome the slip is to use a pump that is designed to work at lower 

speed, where the leakage is not as noticeable as when using the micropumps. One 

example is the peristaltic pump, seen in Fig 6.1, which pushes the fluid through a 

silicone tube instead of rotating cogwheels, and has a complete blockage when 

turned off. 

 

 

 

  

Figure 6.1.: A peristaltic pump. The pressing motion through the tube gives a 

better control of the fluids passage and stops any possible leakage. 

(Source: http://www.bluwhite.com, 2013) 
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 The disadvantage of using peristaltic pumps is the risk of damage on the system. If 

the distal pump is switched off or rotating in a significantly lower speed while the 

proximal pump is still running at a regular speed, the system would explode due to 

the increased pressure build-up inside the glass pipe. This can on the other hand be 

regulated by inserting a maximum input value on the peristaltic pumps and thereby 

minimizing the risk of overpressure. 

 

 
 

6.1.3 Overall construction 
 

Different sections in the construction of Flowlab have a built-in sensitivity towards pressure 

and temperature changes. These aspects were brought to awareness during the 

measurements of flow and pressure.  

 

The first complication with the phantom is the aberrations in water levels during execution 

of the system. The altitude difference between the liquid levels in the glass pipe compared 

with the liquid level in the glass container from where the container the fluid originated 

from resulted in an unequal gravitational potential. Fluids always strive towards even levels 

due to the atmospheric pressure, creating an unwanted pressure on the fluid when the 

levels are unbalanced.  

 

Moreover, the fluid level in the glass container is constantly varying when the fluid leaves 

the glass container, via Flowlab, on to the scale for flow measurements. The fluid will 

thereby reduce from the original glass container and increased in the container on the scale, 

consequently contributing to an increased level difference. The different fluid levels effects 

the pressure measurements, which does not only effect gravitational potential and sequent 

pressure changes in the liquid, but also the system calibration. This was again a problem 

caused by Flowlab not being a closed system, causing a negative effect on both fluid 

pressure and flow measurements. The glass container used on the electronic scale was not 

sufficient to measure flow above 150, 0 ml/min. The system needed time to even out the 

flow signal for precise measurements, where the flow at times was too fast for the container 

to handle. 

 

Suggestions for improvement 

 A solution to even out the water level between the glass pipe and the fluid level in 

the glass container in the heated water bath is to raise the whole Flowlab 

construction to where the levels are equal and make that a fix point for the 



45 

 

construction. The evened out levels will minimize the gravitational differences due to 

unequal heights and decreases thereby also the pressure disturbances.  

 

 The evened out level would however change during the flow measurement, since the 

fluid is transported to another container. A possibility to conserve the fluid levels 

when measuring on the scale is to create an overpressure in the glass container on 

the scale where the fluid enters for flow measurements. The pressure gradient 

between the containers would push the fluid from the container with a high pressure 

to the container with a lower pressure that; being the original container. This system 

would keep the system in a closed loop and even out fluid levels. It would also help 

to maintain the temperature levels, since the fluid would not stay in the container on 

the scale but return to the original container in the heated water bath.  

 

 Keeping the system completely closed can also be obtained by attaching a 

perivascular flow probe for cardiac output to the system. The flow probe would be 

attached after the glass pipe, where the flow of the fluid is evened out, before the 

second windkasel. Suitable flow probes for flow measurements are available at 

Transonic [18] and would be appropriate for the Flowlab construction.  

 

 The downside of the flow probes is that they are not as precise as the electronic 

scale, where the scale measures with 3,0 ml/min accuracy. Although, the advantages 

of using a flow probe on the system would enhanced the whole Flowlab function 

since it would possible to keep the system closed. 

 

 

6.1.4 The final calibration 
 

The final measurements of pressures and flows show that the calibration was not adjusted 

sufficiently regarding the pressure generated by the Flowlab system. Generated pressure 

was underestimated by 30 % at low flows and low pressures, while overestimated by almost 

20 % at high pressures and high flows.  

 

The slip in the pumps was a compelling factor of why the pressure was unreliable during the 

outer limits of the calibration. The offset value in the equations was underestimated at small 

pressures and flow speeds, since it became easier for the fluid to pass the slip when the 

micropumps were rotating at a low speed.  
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The opposite effect occurred when the micropumps were generated high pressures and 

flows, up to 200,0 mmHg and 200,0 ml/min. To be able to maintain the high pressure inside 

the glass pipe and simultaneously maintain a high flow, both micropumps need to rotate in a 

much higher speed, reducing the slip in the pumps, being the reason why the offset value in 

the equation was overestimated for high pressures and flows.  

 

Final calibrations were adjusted on pressures and flows above 30,0 mmHg and 30,0 ml/min. 

The current calibration was therefore only sufficient for measurements on the epicardial 

coronary arteries where the flow is over 40,0 ml/min. Measurements made in this thesis 

pledged for flows down to 6 0 ml/min, which was not possible with this calibration.  

 

Suggestions for improvement 

 The pump calibration was executed by determining the pump consistency through 

matrices at different pump rot/s. Chosen pulses for the matrix values differed from -

500 to 2000 rot/s, with a step of 500 rot/s between each value. A possibility to be 

able to adjust the system to flows as low as 6,0 ml/min is to start the calibration from 

0,0 rot/s  and decrease the steps between each measured value to half of the pulses 

used before, from 500 rot/s to 250 rot/s.  

 

 The equation generated from the resulting matrix would only be based on the 

linearity of the micropumps and disregard the back flow. The offset value would 

instead be more significant and have a larger influence on the final calibration, for 

both pressures and flows. This would give a more accurate adjustment of the pumps, 

where more values would be covered to outline the pump linearity. 

 

 Present calibration was based on pressures and flows between 30,0 to 200,0 mmHg 

and 30, 0 to 200,0 ml/min. The calibration of the system does therefore need to have 

a much wider range than the present calibration to be able to generate flows down 

to 6,0 ml/min. A widening of the matrices and reference values to between 0, 0 to 

300, 0 mmHg and 0, 0 to 300, 0 ml/min and thereafter alter the equation offset 

value, would give a better fallout and the outer limit values would be gained. 

 

 

  



47 

 

6.2 Conclusion and Future work 

The new simulation environment by St Jude Medical Inc. called Flowlab generates pressures 

and flows, simulating specific section in the coronary arteries.  The purpose of this thesis was 

to validate the final Flowlab construction and its ability to generate pressure and flow within 

specific predetermined ranges. 

 

The final calibration of the simulation environment was not sufficient to generate sought 

after pressure values, but did however generate flow within a 10 % accuracy. The final 

results are by these means satisfying since the pressure is achievable in various ways 

through suitable algorithms for each separate section in the coronary arteries.  

 

The final results of the calibration did however demonstrate a construction limitation of the 

Flowlab system. Different aspects of the construction effected the resulting calibration of 

pressure and flow. Following list provides a conclusion of changes needed for Flowlab to 

provide a more reliable simulation environment of the coronary arteries;  

 

 

1. A closed system has to be created where the liquid reenters the glass container 

it originated from. This would keep the temperature of the glycerol fluid 

regulated, and thereby stabilize the fluid density.  

 

2. Use a perivascular flow probe for measurement of flow on the system. The flow 

probe would close the system and thereby minimize the annealing of the fluid. 

 

3. Keep the micropumps to generate a secure pressure and flow on the glass pipe. 

Alternatively use the peristaltic pump and implement a maximum input value. 

 

4. Raise the whole Flowlab construction so that the simulation glass pipe is at the 

same height as the glass container in the heated water bath. This minimizes the 

level differences and subsequent atmospheric pressure differences. 

 

5. Reduce the height of the windkasels and widen them so that the same volume of 

air functions as filtration. Also raise the water level so that the windkasels are 

situated under water lever for better temperature control. 
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6. Calibrate the system for pressures and flows between 0, 0 to 300,0 mmHg and 

0,0 to 300,0 ml/min. 

 

7. Calibrate the micropumps on a rotation range between 0 rot/s and 2000 rot/s. 

 

8. Regulate the underestimation and overestimation of the pressure with an offset 

value to overcome the built-in slip. 

 

 

 

Ultimately, all calibrations made will contain measurement errors. It is impossible get precise 

values when each measurement is a done separately and even the outside air pressure 

effects the resulting pressure measurements. Each measurement needs different evening 

out periods for the signal to be balanced out which effects the resulting measurement if a 

period is not exactly the same each time. The only possible way to ensure reliable and valid 

simulations is if the system is ideal.  

 

The major problem with the Flowlab system that effects the final measurements is the 

system not being a closed system during flow measurements. If the system closes, the 

regulation of fluid temperature would be more manageable and develop a more reliable 

adjustment of the micropumps. A closed system would not only keep the temperature 

regulated, balance the fluid levels in the glass container versus the glass pipe and give the 

calibration a reliable system; it would also make it possible to measure high flows.  

 

All the measurements and sequential calibrations made in this thesis were based on a 

continuous flow in the system. In order to simulate the coronary circulation with accurate 

pressure and flow measurements, a pulsating flow has to be implemented on the system. 

Measurements of a pulsating flow would only be possible with a perivascular flow probe, as 

the electronic scale does not measure flow irregularities. 

 

In conclusion, Flowlab is ultimately a very promising devise for flow simulations of the 

coronary arteries. The construction show eminent possibilities for future research in the 

coronary diagnostics field.  
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8. Appendix 

8.1 Measurements of LCA and RCA 

8.1.1 Measurements of LCA 

LCA Length  Diameter radius PR 

 

[mm] [mm] [mm] [Pa·s/m³] 

LM 32,85 4,35 2,18 1,45 

pLAD 11,28 3,64 1,82 1,03 

LAD1 13,40 2,57 1,29 4,91 

LAD2 4,15 2,63 1,32 1,39 

dLAD 30,20 2,43 1,22 13,86 

     D1 8,36 1,84 0,92 11,67 

D1A 1,80 1,37 0,69 8,18 

D1A1 2,90 0,92 0,46 64,77 

D1A2 1,89 0,85 0,43 57,93 

D11 7,60 1,99 1,00 7,75 

D1B 3,31 1,32 0,66 17,44 

D1B1 2,37 1,19 0,60 18,91 

D1B2 1,22 0,61 0,31 140,98 

D12 6,72 1,28 0,64 40,05 

D1C 4,62 0,97 0,49 83,50 

D1D 2,19 1,00 0,50 35,04 

     D2 10,23 1,70 0,85 19,60 

D2A 5,65 1,36 0,68 26,42 

D2A1 3,23 0,74 0,37 172,34 

D2A2 2,61 1,07 0,54 31,86 

D2B 10,38 1,44 0,72 38,62 

     D3 3,75 1,69 0,85 7,36 

     pLCx 33,50 3,58 1,79 3,26 



LIV 

 

 

 

 

 

 

 

 

 

  

LCx2 9,33 2,17 1,09 6,73 

dLCx 17,36 1,93 0,97 20,02 

     M1 12,18 2,42 1,21 5,68 

M11 11,70 1,68 0,84 23,50 

dM1 29,15 1,74 0,87 50,88 

dM11 2,05 0,84 0,42 65,88 

dM12 3,65 0,74 0,37 194,75 

M2 44,92 2,06 1,03 39,91 
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8.1.2 Measurements of RCA 

RCA Length  Diameter radius PR 

 

[mm] [mm] [mm] [Pa·s/m³] 

RM 41,15 3,48 1,74 4,49 

RC1A 4,87 1,88 0,94 6,24 

RC11 5,88 1,16 0,58 51,96 

RC1B 7,40 1,37 0,69 33,61 

RC12 5,32 1,04 0,52 72,76 

RC13 4,41 1,04 0,52 60,31 

     Conus A 6,94 4,85 2,43 0,20 

     RC0 7,24 1,25 0,63 47,45 

     Conus B 5,96 4,10 2,05 0,34 

RC2A 5,34 2,36 1,18 2,75 

RC21 6,18 1,30 0,65 34,62 

RC2B 7,99 2,20 1,10 5,46 

RC22 6,48 1,18 0,59 53,48 

RC2C 3,72 1,14 0,57 35,24 

RC23 5,04 1,36 0,68 23,57 

RC24 7,14 1,18 0,59 58,92 

     Conus C 11,20 2,99 1,50 2,24 

RC3 20,16 2,84 1,42 4,96 

RC31 5,26 1,42 0,71 20,70 

RC311 7,96 1,20 0,60 61,42 

RC312 2,35 0,88 0,44 62,70 

RC32 10,07 1,33 0,67 51,49 

RC321 3,78 1,07 0,54 46,14 

RC322 4,95 0,92 0,46 110,55 

     Postlateral A 42,53 4,72 2,36 1,37 

     AM 13,68 2,56 1,28 5,10 

AM1 6,12 1,28 0,64 36,48 

AM11 3,38 1,07 0,54 41,26 

AM12 8,61 1,67 0,84 17,71 
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AM2 4,45 3,17 1,59 0,71 

AM21 3,78 1,24 0,62 25,58 

AM3 7,03 2,07 1,04 6,13 

AM31 4,59 1,58 0,79 11,78 

AM311 4,05 1,60 0,80 9,89 

AM312 4,24 0,97 0,49 76,63 

AM4 8,65 2,29 1,15 5,03 

AM41 5,64 1,06 0,53 71,48 

AM5 24,38 1,87 0,94 31,90 

AM51 4,55 0,89 0,45 116,03 

AM6 8,50 0,91 0,46 198,32 

     Postlateral B 32,62 3,87 1,94 2,33 

     AV node branch 16,77 1,82 0,91 24,45 

AV1 3,54 1,37 0,69 16,08 

AV2 3,50 1,15 0,58 32,02 

AV3 7,05 1,12 0,56 71,69 

pPDA  5,78 4,02 2,01 0,35 

PDA1 4,34 1,15 0,58 39,70 

dPDA 22,54 2,37 1,19 11,43 
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8.2  Electrical model of the coronary arteries 

8.2.1 The electrical model of the LCA in baseline 
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8.2.2 The electrical model of the RCA in baseline 
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8.3  Normalized volume flow and pressure difference in the 

electrical models when simulating in baseline and hyperemia. 

8.3.1 Normalized flow percentage and pressure difference for the LCA in 
baseline. 
 

Baseline Q P 

  I/I0 V/V0 

 LM 1,000 1,00 

  

   pLAD 0,684 0,97 

 LAD1 0,311 0,96 

 LAD2 0,125 0,94 

 dLAD 0,062 0,94 

  

   D1 0,373 0,96 

 D1A 0,126 0,95 

 D1A1 0,063 0,94 

 D1A2 0,063 0,94 

 D11 0,248 0,95 

 D1B 0,123 0,93 

 D1B1 0,062 0,93 

 D1B2 0,062 0,93 

 D12 0,124 0,93 

 D1C 0,062 0,93 

 D1D 0,622 0,93 

  

   D2 0,186 0,94 

 D2A 0,124 0,94 

 D2A1 0,062 0,93 

 D2A2 0,062 0,93 

 D2B 0,062 0,94 

  

   D3 0,026 0,94 

  

   pLCx 0,316 0,97 

 LCx2 0,127 0,96 

 



LXII 

 

dLCx 0,064 0,95 

  

   M1 0,189 0,96 

 M11 0,063 0,95 

 dM1 0,125 0,95 

 dM11 0,063 0,94 

 dM12 0,063 0,94 

 M2 0,063 0,95 
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8.3.2 Normalized flow percentage and pressure difference for the LCA in 
hyperemia. 

 Hyperemia Q P 

 I/I0     V/V0 

LM 1,00 1,00 

 

  pLAD 0,674 0,87 

LAD1 0,307 0,86 

LAD2 0,126 0,78 

dLAD 0,062 0,76 

 

  D1 0,367 0,86 

D1A 0,128 0,79 

D1A1 0,064 0,78 

D1A2 0,064 0,78 

D11 0,239 0,79 

D1B 0,117 0,73 

D1B1 0,059 0,72 

D1B2 0,059 0,72 

D12 0,122 0,73 

D1C 0,060 0,73 

D1D 0,061 0,73 

 

  D2 0,181 0,78 

D2A 0,120 0,74 

D2A1 0,060 0,73 

D2A2 0,060 0,73 

D2B 0,061 0,74 

 

  D3 0,063 0,76 

 

  pLCx 0,326 0,87 

LCx2 0,134 0,84 

dLCx 0,068 0,81 

 

  M1 0,192 0,84 
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M11 0,066 0,80 

dM1 0,126 0,80 

dM11 0,063 0,77 

dM12 0,063 0,77 

M2 0,066 0,81 
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8.3.3 Normalized flow percentage and pressure difference for the RCA in 
baseline. 
 

Baseline Q P 

  I/I0     V/V0 

 RM 1,00 1,00 

 RC1A 0,134 0,98 

 RC11 0,045 0,98 

 RC1B 0,089 0,98 

 RC12 0,045 0,98 

 RC13 0,045 0,98 

  

   Conus A 0,866 0,98 

  

   RC0 0,044 0,98 

  

   Conus B 0,822 0,98 

  

   RC2A 0,175 0,97 

 RC21 0,044 0,96 

 RC2B 0,131 0,96 

 RC22 0,044 0,96 

 RC2C 0,087 0,96 

 RC23 0,044 0,96 

 RC24 0,044 0,96 

  

   Conus C 0,647 0,97 

 RC3 0,173 0,96 

 RC31 0,866 0,95 

 RC311 0,043 0,95 

 RC312 0,043 0,95 

 RC32 0,087 0,95 

 RC321 0,043 0,95 

 RC322 0,043 0,95 

  

   Postlateral A 0,474 0,96 

  

   AM 0,344 0,95 
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AM1 0,087 0,95 

 AM11 0,043 0,95 

 AM12 0,043 0,95 

 AM2 0,258 0,95 

 AM21 0,043 0,95 

 AM3 0,214 0,95 

 AM31 0,086 0,94 

 AM311 0,043 0,94 

 AM312 0,043 0,94 

 AM4 0,129 0,94 

 AM41 0,043 0,94 

 AM5 0,086 0,94 

 AM51 0,043 0,94 

 AM6 0,043 0,94 

  

   Postlateral B 0,130 0,95 

  

   AV node branch 0,043 0,95 

 AV1 0,000 0,95 

 AV2 0,043 0,95 

 AV3 0,000 0,95 

 pPDA  0,087 0,95 

 PDA1 0,043 0,95 

 dPDA 0,043 0,95 
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8.3.4 Normalized flow percentage and pressure difference for the RCA in 
hyperemia. 
 

Hyperemia Q P 

  I/I0     V/V0 

 RM 1,00 1,00 

 RC1A 0,149 0,91 

 RC11 0,050 0,91 

 RC1B 0,099 0,91 

 RC12 0,050 0,89 

 RC13 0,050 0,89 

  

   Conus A 0,851 0,91 

  

   RC0 0,049 0,88 

  

   Conus B 0,802 0,88 

 RC2A 0,177 0,81 

 RC21 0,045 0,81 

 RC2B 0,132 0,81 

 RC22 0,044 0,80 

 RC2C 0,088 0,80 

 RC23 0,044 0,79 

 RC24 0,044 0,79 

  

   Conus C 0,625 0,83 

 RC3 0,170 0,81 

 RC31 0,085 0,78 

 RC311 0,043 0,77 

 RC312 0,042 0,77 

 RC32 0,086 0,78 

 RC321 0,043 0,77 

 RC322 0,044 0,77 

  

   Postlateral A 0,454 0,81 

  

   AM 0,327 0,78 

 AM1 0,085 0,77 

 AM11 0,042 0,76 

 AM12 0,042 0,76 
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AM2 0,242 0,77 

 AM21 0,041 0,74 

 AM3 0,201 0,74 

 AM31 0,080 0,73 

 AM311 0,040 0,72 

 AM312 0,040 0,72 

 AM4 0,121 0,73 

 AM41 0,041 0,73 

 AM5 0,080 0,73 

 AM51 0,040 0,72 

 AM6 0,040 0,72 

  

   Postlateral B 0,127 0,78 

  

   AV node 

branch 0,043 0,77 

 AV1 0,000 0,76 

 AV2 0,043 0,76 

 AV3 0,000 0,76 

  

   pPDA  0,085 0,77 

 PDA1 0,042 0,76 

 dPDA 0,000 0,76 
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